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Abstract
Tripodal triphosphine ligands featuring a heteroatomic apical moiety of general formula
R′E(CH2PR2)3 are under-investigated compared to mono- or bidentate phosphines, and
to the carbon-centred analogue CH3C(CH2PPh2)3. The work presented in this thesis is an
investigation of the nitrogen-centred triphosphine ligands N(CH2PR2)3 (NP3
R), including
coordination behaviour and catalytic applications.
The modular synthesis of NP3
R ligands allowed the substituents at phosphorus to be
replaced, generating novel symmetrical ligands (with three identical phosphine arms), as
well as unsymmetrical “mixed-arm” derivatives with PPN coordinating moieties. Co-
ordination of these, and previously reported ligands to tungsten(0) precursors afforded
complexes with the NP3
R ligands in either a bi- or tridentate coordination mode. Evalu-
ation or the steric and electronic properties of the NP3
R ligands suggest that the different
coordination modes observed are primarily electronically controlled, with more electron-
donating phosphines coordinating in a bidentate fashion.
A comparative study of the phenyl and cyclopentyl ligands NP3
Ph and NP3
Cyp coordi-
nation to ruthenium precursors displayed similar trends to those observed during tungsten
coordination. The electronic parameters of the ligands, as well as oxidation state of the
metal were crucial in determining the denticity of NP3
R coordination. A facile route to
synthesise the dihydride complexes, including [RuH2(CO)(κ
3-NP3
Ph)], was established,
which proceeded under mild conditions and via the air- and moisture-stable carbonate
complex [Ru(CO3)(CO)(κ
3-NP3
Ph)].
Three pre-formed ruthenium complexes, as well as systems generated in situ were
evaluated as catalysts for the hydrogenation of the biomass-derived levulinic acid to
value-added compounds. In the absence of acidic co-catalyst, quantitative conversion
of levulinic acid to 1,4-pentanediol was achieved using the pre-formed ruthenium complex
[RuH2(PPh3)(κ
3-NP3
Ph)], which crucially featured a labile PPh3 ligand. The addition
of catalytic amounts of a strongly acidic component that also features a highly non-
coordinating conjugate base (HNTf2) allowed the conversion of levulinic acid to 2-MTHF
in 87% yield, making this one of the most active systems reported for this reaction under
relatively mild conditions.
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Chapter 1
Introduction
“We think there is colour, we think there is sweet, we think there is bitter,
but in reality there are atoms and a void.”
Democritus
1
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1.1 Phosphines
1.1.1 The Coordination of Phosphines
Tertiary phosphines (PR3) represent an important class of ligand in organometallic chem-
istry as their ability to stabilise complexes can be easily tuned by careful variation of
the electronic and steric properties of the R groups. Phosphines can act as both σ-donor
and pi-acceptor ligands. The available lone pair on the phosphorus atom donates into an
empty metal d -orbital forming a σ-bond, whist pi-backdonating from the metal occurs into
the σ* orbital of the P–R bond and the phosphorus dpi component (Figure 1.1). More
electronegative R groups result in a lowering in energy of the P–R σ* orbital making it
more accessible to backbonding from the metal. PF3 has similar pi-acceptor character to
CO, whilst at the other end of the spectrum, PMe3 is a relatively weak pi-acceptor.
P
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R
R
M P
R
R
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Ligands in order of /-accepting ability
PMe3 ≈ P(NR2)3 < PAr3 < P(OMe)3 < P(OAr3) < PCl3 < CO ≈ PF3
Figure 1.1: The bonding motifs observed upon coordination of tertiary phosphines to
metal centres
1.1.2 Quantification of the Steric and Electronic Properties of
Phosphorus Ligands
There exists a well-established relationship between the steric and electronic properties
of tertiary phosphine ligands, both of which can significantly influence the reactivity of
a metal centre. The steric bulk and electron-donor ability of a ligand are difficult to
quantify due to this close relationship, which cannot be easily decoupled. For instance,
as the steric bulk of the R groups in a tertiary phosphine of type PR3 are increased, the
inter valence angles around the phosphorus centre will similarly increase. These structural
changes will lead to a reduction in s-character of the phosphorus lone pair orbital, making
the ligand more Lewis basic, and making satisfactory quantification of either problematic.
Tolman suggests using a geometrical parameter, the now so-called Tolman Cone An-
gle,1,2 as a measure of steric bulk. For phosphines of type PR3, the cone angle is defined
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as the apex of a cylindrical cone, centred 2.28 A˚ from the centre of the phosphorus atom,
which radiates out toward the R groups and just touches the van der Waals radii of the
outermost atoms (Figure 1.2A). The value of 2.28 A˚ was chosen because it represents an
intermediate length for M–P bonds. In cases where the R groups contain internal degrees
of freedom, the Tolman cone is taken to be the minimum angle in which the R groups
remain completely contained within it.3
M P
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Figure 1.2: Graphical representation of (A) the Tolman Cone Angle of a symmetrical mon-
odentate phosphine ligand and (B) θi/2 values of unsymmetrical monodentate phosphine
ligands and (C) chelating diphosphine ligands
Although the cone angles are found to be reliable in describing steric arrangements
around symmetrical monodentate phosphine ligands,2 a similarly quantitative evalua-
tion for more exotic ligands such as unsymmetrical phosphines, or chelating multidentate
phosphines is desirable. Tolman’s Cone Angles can be similarly applied to unsymmet-
rical ligands of type PRR′R′′ using a model to minimise the sum of half angles shown
mathematically by equation 1.1 and graphically in Figure 1.2B. In the case of bidentate
diphosphine ligands, one θi/2 value in equation 1.1 can be taken as the angle between one
M–P bond and the bisector of the P-M-P angle (Figure 1.2C).3
Θ =
2
3
3∑
i=1
θi/2 (1.1)
In general, crystallographic data suggests the actual cone angle of coordinated phos-
phine ligands is smaller than predicted4 as the values reported by Tolman were derived
using CPK space filling models, and did not accurately predict the intermeshing of sub-
stituents.1–3 A more accurate analysis of cone angles from real-life systems was undertaken
by Mingos and co-workers, who analysed thousands of structures obtained from the Cam-
bridge Crystallographic Database.5 A general algorithm was developed that allowed the
same geometrical description of Tolman’s cones to be applied to crystal structures. This
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involved measurement of the distance, d, from a metal centred 2.28 A˚ from the phos-
phine, to each of the hydrogen (or halide) atoms on the first organic substituent on the
phosphine, as well as the angle, α, between the phosphorus centre, metal atom and hydro-
gen/halide (Figure 1.3). The half angle, θi/2, required in equation 1.1 is then calculated
using the trigonometric relationship:
θi/2 = α + 180/pi × sin−1(rH/d) (1.2)
where rH is the van der Waals radius of the atom in question, set at 1.00 A˚ for hydrogen.
M
P
2.28 Å
ei/2
H/X
_
d
Ri
rH
Figure 1.3: Graphical definition proposed by Mingos and co-workers5 of the van der Waals
surface for phosphine ligands which results in the calculation of the Tolman cone angle
directly from crystallographic data
After identification of the largest θi/2 angle with respect to the metal–ligand axis,
the process is repeated for each substituent on phosphorus, allowing calculation of the
overall cone angle, Θ, using equation 1.1. As crystallographically characterised complexes
are being studied using this algorithm, statistical analysis of the variation in cone angle
as a function of metal, electron configuration etc. is facilitated.5 Table 1.1 summarises
selected results for compounds containing ligands of type PMexPh3−x (x = 0–3), PEt3
and PCyh3. In general, the computed cone angles agree well with the values originally
reported by Tolman, and in all but two cases (PMe3 and PCyh3) are within one standard
deviation.5
Despite computed real-life systems showing good correlation with theoretical values,
some discrepancies still remain in regard to their absolute values. For instance, the large
difference in Tolman Cone Angle between PPh3 (145
◦) and P(C6F5)3 (184◦), despite
hydrogen and fluorine atoms being similarly sized.6 Accordingly, other quantification sys-
tems have been proposed, including the solid angle, ligand repulsion energy and accessible
molecular surface (AMS).4 The solid angle proposed by Hirota and co-workers is effec-
tively a measure of the “shadow” cast by a group of atoms when placed relative to an
apex atom, with the metal being the “source of light”.7
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Table 1.1: Summary of computed average cone angles and associated standard deviations
for phosphine ligands, and comparison to equivalent Tolman Cone Angles5
PPh3 PMePh2 PMe2Ph PMe3 PEt3 PCyh3
Number of
structures
1507 93 264 560 198 78
Crystallographic
cone angle (◦)
148.2 (4.9)a 134.5 (5.0) 119.9 (5.4) 111.1 (2.4) 137.3 (5.0) 160.1 (5.1)
Range of cone
angles (◦)
129.0–168.3 120.6–152.9 108.2–138.6 95.8–121.2 123.6–159.4 146.2–171.7
Tolman cone
angle (◦)
145 ± 2 136 ± 2 122 ± 2 118 ± 2 132 ± 2 170 ± 2
a Values in brackets give the standard deviation
The ligand repulsion energy and AMS quantification systems are more rigorous, but
more demanding, both utilising molecular mechanics. Ligand repulsion energies, E R,
were calculated for computed energy minimised systems, and these values were found
to correlate well with Tolman’s θ-values. The AMS involved exploring conformational
space around a metal centre using a probe sphere with a diameter of 1.4 A˚, resulting in a
“pseudo-dynamic” model of the ligand.4 A similar description is used to model the active
site of enzymes in biochemistry, the so-called Connolly surface.8
Other steric quantification methods for multidentate ligands also need to be consid-
ered. A method proposed by Barron and co-workers for diphosphines involves the calcula-
tion of the pocket angle at the metal centre obtained from crystal structures, both parallel
(θ‖) and perpendicular (θ⊥) to the MP2 plane (Figure 1.4).9 This was originally reported
through the analysis of palladium complexes of general formula [PdX2(PPh2(CH2)nPPh2)],
for which the parallel and perpendicular values were found to differ substantially in some
cases, so their combined use is recommended. More formally, the parallel pocket (θ‖)
is defined as the angle subtended between two planes perpendicular to the MP2 plane,
and bisecting at the metal, that can exclude the van der Waals surface of all the ligands
over all rotational orientations about the P–C bonds. Similarly, the perpendicular pocket
angle (θ⊥) is the analogously subtended angle between two planes parallel to the MP2
plane, bisecting at the metal centre.
It is not only the substituents connected to the phosphines that influence the steric
parameters of multidentate ligands, but also the length of the bridge through which they
are connected, as this will alter the P-M-P angle or “bite-angle”. Under various coordina-
tion geometries, there exists a stable “metal-prefered” geometry,4 which can be modelled
1.1. Phosphines 6
M
P P
n
A
M
n
P
B
e|| e |
Figure 1.4: Graphical definition of the (A) parallel, θ‖, and (B) perpendicular, θ⊥ pocket
angles for bidentate diphosphine ligands proposed by Barron and co-workers9
computationally, as demonstrated by Casey and Whiteker.10 The authors introduced the
concepts of natural bite angle (βn) and flexibility range for diphosphine ligands (Figure
1.5), with βn being the thermodynamically most stable angle. Practically however, the
authors add that a range of bite angles within 3 kcal mol−1 will be accessible, and this
range describes the degree of flexibility within the ligand.
Figure 1.5: Generalised bite angle and flexibility range of a bidentate diphosphine ligand
(image reproduced from Leeuwen and co-workers4)
To quantify the electron-donor ability of phosphine ligands, Tolman proposed that the
A1 carbonyl stretching frequency of monosubstituted nickel complexes in CH2Cl2 could
be used as a measure.11 The greater the electron-donor ability of the phosphine, the
larger the degree of back donation into the CO pi* orbitals, resulting in a lower bond
order and consequently a decrease in ν¯(CO) to lower wavenumbers. Conversely a relatively
less Lewis basic phosphine would have the opposite effect and increase the ν¯(CO). The
nickel complexes under investigation were easily prepared and gave well-resolved carbonyl
stretching peaks; however their associated toxicity and occasional high volatility and/or
air-sensitive nature makes this methodology less universally applicable.6
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Alternatively, Allen and Taylor demonstrated that the 1JPSe-coupling constant ob-
tained from 77Se satellites in 31P{1H} NMR spectra of phosphorus selenides may be used
to measure the Lewis basicity of the parent phosphine.12 An increase in the magnitude of
the 1JPSe-coupling constant has been shown to correspond to an increase in s-character
of the phosphorus lone pair (as s-electrons are most penetrating and consequently con-
tribute most to the Fermi contact between nuclear magnetic moments), reducing p-orbital
contribution and consequently reducing the Lewis basicity (Table 1.2).13,14
Table 1.2: 1JPSe-coupling constants for various phosphorus selenides
12
PR3
1JPSe (Hz)
P(p-MeOC6H4)3 708
PPh2(o-Tol) 730
PPh3 732
PPh2(m-CF3C6H4) 766
As previously mentioned, the steric and electronic parameters of phosphines are inti-
mately related, but the 1JPSe-coupling constant method of quantification appears to give
remarkably reliable measurements of phosphine basicity. For example, PPh3 and PPh2(o-
Tol) have very similar 1JPSe-coupling constants, but their Tolman Cone Angles are 145
◦
and 161◦, respectively.
Several other methods have been reported to assess the electron-donor ability of phos-
phines, including 1JPPt-coupling constants,
15 31P NMR shift correlation, lone pair ionisa-
tion potential, and gas-phase basicity.6 In the context of this work, the carbonyl stretch-
ing frequencies across a series of tungsten(0) carbonyl complexes, as well as phosphorus–
selenium coupling constants will be discussed in relation to the observed reactivity trends.
1.2 Linear vs. Branched Triphosphines
Triphosphine ligands can be divided into two major categories: linear and branched (tripo-
dal). This division is purely based on the arrangement of the three phosphine moieties,
which results in different synthetic protocols and coordination behaviour.
There are many known examples of linear triphosphines, with various modes of co-
ordination depending on: (i) substituents at the phosphorus atoms, (ii) ancillary ligands
coordinated to the metal centre, and (iii) the backbone length of the phosphine. Three
classic linear triphosphines are represented below (Figure 1.6); each has the general for-
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mula (Ph2P(CH2)n)2PPh (n = 1, dpmp; n = 2, etp; n = 3, ttp).
16
Ph2P P PPh2
dpmp
etp
ttp
nn
n = 1
n = 2
n = 3Ph
Figure 1.6: Linear triphosphines with various length linkers between phosphorus atoms
These ligands have been known for over 50 years and a variety of procedures have
been implemented for their synthesis. In the first instance, a metal phosphide reagent
can be reacted with an appropriate dihalide precursor,17 but the use of metal phosphides
is not desirable, so other synthetic strategies involving either phenyldivinylphosphine or
diphenylvinylphosphine were also reported (Scheme 1.1).18 The other ligands shown in
Figure 1.6 are similarly synthesised, typically involving the sequential addition of an
appropriate phosphine reagent to a (halo alkyl)phosphine.16
P
Ph
P
Ph
PPh2Ph2P
BrBr
P
Ph
+ 2 Ph2PH
PPh2
+ PhPH22
+ 2 Ph2PNa
Scheme 1.1: General synthetic schemes for the synthesis of linear triphosphine ligands
Linear triphosphines that contain methylene linkages (e.g. dpmp) normally coordi-
nate in a bidentate mode, forming either four- or six-membered metallocycles, for exam-
ple [Mo(CO)4{(tBu2PCH2)2PMe}] or [PdCl2(dpmp)] (Figure 1.7A and B, respectively).16
This leaves a free phosphorus atom within the triphosphine, allowing polymetallic com-
plexes to be formed. Additionally, Balch and co-workers have shown that mixed structures
with a four- and a six-membered ring can be formed (Figure 1.7C). The authors suggest
that this is largely due to steric encumberment, as the presence of two six-membered rings
results in significant crowding around the metal centre.19
Extension of the backbone to carbon chains longer than methylene spacers (ethylene,
propylene etc.) are more flexible, and often triligating. The exact geometry adopted upon
coordination of the triphosphines depends on the type of the metal and the exact length
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Figure 1.7: Coordination geometries obtained due to coordination of linear triphosphines
with methylene spacers, forming either four- or six-membered metallocycles
of the backbone. Tetrahedral, trigonal bipyramidal, square pyramidal and octahedral
complexes have all been identified.16 The etp ligand, which contains an ethylene bridge
between each phosphorus atom favours facial coordination (Figure 1.8A), although mer -
coordinating examples are known (Figure 1.8B). Ttp with a relatively longer propylene
bridge typically adopts a meridonial coordination mode (Figure 1.8C), and furthermore
fac geometries have also been observed (Figure 1.8D).16
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Figure 1.8: The coordination geometries adopted upon coordination of etp and ttp ligands
showing either fac- or mer -geometries in each case
Regarding branched triphosphines, just as for their linear analogues, there are many
structural variations possible, e.g. length of spacers between phosphines, substituents on
phosphorus, mixed systems etc. (Figure 1.9). In this case the three phosphine moieties
(PR2) are situated on “arms” of various lengths that originate from an apical atom or
group (R′E), resulting in ligands with the general formula R′E{(CH2)nPR2}3 (n = 0–3;
E = C, B, P, Si, Sn, N; R′ = Me, Et, Ph, Bn etc.). Depending on the identity of the
apical atom, an innocent ancillary group may be present (R′), but this does not contain
any coordinating moieties and does not participate in metal binding. The convention that
will be used throughout the rest of this thesis to describe branched triphosphine ligands
featuring a methylene bridge between the phosphine and apical moiety (i.e. where n
= 1) will be R′EP3R. The synthesis, coordination chemistry, reactivity and application
of a range of R′EP3R ligands is given in the subsequent sections (vide infra), and a
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detailed comparison of the synthesis and coordination chemistry, and reactivity of NP3
R
and MeCP3
R ligands are made in Sections 2.1.1 and 4.1.1, respectively.
n = 0, 1 (R'EP3R), 2, 3n
E
R2P
PR2
PR2
R'
nn
E = C, B, P, Si, Sn, N
R' = Me, Et, Ph, Bn etc.
Figure 1.9: Branched triphosphines with various “arm” lengths between the apical moiety
and phosphine groups
The smallest branched triphosphine HC(PPh2)3 predominantly forms transition metal
clusters, especially if the transition metal precursor is initially a cluster (Figure 1.10).20
Increasing the arm length between the apical moiety and phosphine groups to ethy-
lene linkers (CH3C(CH2CH2PPh2)3, MeC
EtP3
Ph) adds a great deal of flexibility, allowing
MeCEtP3
Ph to coordinate in a mono-, bi-, or tridentate coordination mode.21–23 Although
only a few reports exist, the stability of complexes featuring the MeCEtP3
Ph ligand ap-
pear to become increasingly unstable as more phosphines coordinate to a single metal
centre. This is likely due to the generation of unfavourable eight-membered metallocycles
upon multidentate coordination.21 The reaction of MeCEtP3
Ph with nickel(II) dichloride
afforded the trimetallic complex [Ni3Cl6(κ
1:η3-MeCEtP3
Ph)2], where each ligand is bridg-
ing between three nickel atoms. This complex was found to be extremely stable in the
solid-state, and was characterised by single crystal X-ray diffraction experiments.21 Con-
versely, upon reaction of MeCEtP3
Ph with copper or palladium precursors, only poorly
defined complexes were obtained. In the case of copper, the 31P{1H} NMR spectrum
of the resultant complex was too poorly resolved, even at low temperatures, to give
any structural information, and the authors suggest an equilibrium is present between
κ2- and κ3-MeCEtP3
Ph species.22 A palladium complex, tentatively assigned as [Pd(κ2-
MeCEtP3
Ph)2] was done so based on highly ambiguous
31P{1H} NMR data.23
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Figure 1.10: Transition metal cluster complexes containing HC(PPh2)3
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Variations to MeCEtP3
Ph containing either nitrogen (NEtP3
Ph) or phosphorus (PEtP3
Ph)
apical moieties are more widely studied than carbon-centred MeCEtP3
Ph. NEtP3
Ph and
PEtP3
Ph predominantly form tri- or tetradentate complexes, in the former case coordinat-
ing through two phosphine arms and the central atom in a mer -coordination mode (Figure
1.11). These geometries have been reported for a wide range of late transition metals,
including the stabilisation of rare geometries such as trigonal bipyramidal platinum(II)
complexes.20 Very recently, a nitrogen-centred triphosphine with even longer propylene
linkers has been reported (NPrP3
Ph), and was found to coordinate in an identical fashion
to NEtP3
Ph (Figure 1.11).24 The NPrP3
Ph ligand required a multistep synthesis involving
initial formation of two “arms” before the third was added by acylation and subsequently
reduced with LiAlH4 (Scheme 1.2).
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Figure 1.11: Coordination modes of EEtP3
Ph (E = N, P) and NPrP3
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Scheme 1.2: Synthesis of NPrP3
Ph
In conclusion, the synthesis of either linear or branched triphosphines often requires
highly air-sensitive metal phosphide reagents, limiting the facile generation of derivatives.
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The coordination behaviour of ligands featuring arms or linkers longer than a single CH2
unit show greater flexibility, forming facial and meridional complexes, as well as being
either mono-, di- or triligating. Linear ligands with a methylene linker coordinate to
metals in a bidentate fashion, but branched triphosphines with methylene arms tend
to form facially-capping tridentate complexes (vide infra). These relatively constrained
triphosphines ligands are advantageous, as they offer well-defined coordination geometries,
which facilitates isolation and reactivity studies.
1.3 The “Triphos” Ligand Scaffold
Branched triphosphine ligands with a methylene bridge between the apical moiety and
phosphine groups (Figure 1.12) have generated considerable interest over the past five
decades for both coordination chemistry and catalytic applications. The so-called “Triphos”
ligand scaffold was introduced in 1962 with the first report of the eponymous carbon-
centred Triphos ligand (CH3C(CH2PPh2)3, MeCP3
Ph),17 and was subsequently stud-
ied extensively, predominantly by the pioneering work of Claudio Bianchini and co-
workers.25 The paucity of reports featuring the analogous nitrogen-centred N-triphos
ligand (N(CH2PPh2)3, NP3
Ph) demonstrates that there remains a great deal of scope
for investigation into this ligand, and its analogues, for both coordination chemistry and
catalytic applications.26
E
R'
R2P
PR2
PR2
E = C, B, P, Si, Sn, N
R'EP3R
Figure 1.12: General structure of the Triphos ligand scaffold (E = apical atom, PR2 =
phosphine coordinating moiety, R′ = ancillary arm)
Extensive literature searching only revealed 10 papers that feature NP3
R ligands27–37
(three of which were the direct result of work included in this thesis),35–37 while a SciFinderr
search of the carbon-centred derivative gives well over 900 results. Triphos derivatives
with differing apical atoms boron (R′BP3R), phosphorus (PP3R), silicon (R′SiP3R) and
tin (MeSnP3
R), similarly have been less well studied, with only 2–43 reports for each
derivative. This variation is unjustified, and in no way proportional to the chemical util-
ity of the ligands in question, as heteroapical Triphos ligands have generally shown unique
and interesting reactivity in comparison to the carbon-centred parent compound. This
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reactivity in many cases can be directly attributed to the presence of a heteoatom within
the ligand scaffold.26
In the following sections, the coordination behaviour, reactivity and catalytic appli-
cation of various Triphos ligands featuring heteroatomic apical groups (i.e. not carbon-
centred) will be reviewed. The large number of reports featuring R′CP3R ligands precludes
an exhaustive review, as it would be too vast to be meaningful. Consequently, a relatively
brief overview of the coordination of R′CP3R will be given compared to the sheer number
of reported complexes. Nonetheless, an attempt has been made to show different coor-
dination modes (κ2 vs. κ3) across a wide range of transition metals, that are relevant to
the coordination of other Triphos ligands. Some comparisons will be made between var-
ious Triphos ligands, but, as previously mentioned, a formal direct comparison between
MeCP3
R and NP3
R ligands will be made in Sections 2.1.1 and 4.1.1.
In general there is a “standard” procedure for synthesising the different Triphos ana-
logue. The modular nature of these strategies allows substitution of various substituents
on the phosphines by simply using (or synthesising) the appropriate phosphine reagent.
Some ligands are more easily synthesised and isolated than others, and where possible
the difficulties will be highlighted, as well as explanations of how these problems may be
circumvented.
Apical heteroatomic Triphos analogues display rich coordination chemistry, with both
transition metal and main group complexes having been reported. A detailed analysis
of bonding motifs via spectroscopic and/or computational studies will not be explicitly
explained for every complex, despite this being the focus of several primary reports.38–40
On the other hand, interesting spin-states and/or geometries will be mentioned as these
characteristics often lead to, or influence, the observed reactivity.
1.3.1 Apical Carbon
Carbon-centred MeCP3
R ligands are generally synthesised by reaction of a metal phos-
phide reagent with an appropriate trihalide (Scheme 1.3). This synthetic strategy al-
lows the methyl (MeCP3
Me),41 ethyl (MeCP3
Et),17 m-(CF3)2C6H3 (MeCP3
CF3Ph)42 and
diphenyl (MeCP3
Ph2) derivatives to be produced.43 The cyclohexyl derivative (MeCP3
Cyh)
has also been reported, but was synthesised by hydrogenation of MeCP3
Ph using >80 bar
H2 pressures at 100
◦C for 48 hours, in the presence of a niobium catalyst at a 21 mol %
loading.44
Other ligand variations include substitution of a single phenyl group from each arm
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R2P
PR2
PR2
X
X
X
+ 3 MPR2
THF
RT–70 oC
1–18 hrs
X = Cl, Br
M = Li, Na, K
R = Ph, Me, Et, m-(CF3)2C6H3, p-C6H4C6H5
Scheme 1.3: Synthesis of MeCP3
R ligands
of MeCP3
Ph to afford “mixed phosphine” ligands (CH3C(CH2PPhR)3; R = H, Me, Et,
iPr, Bn) (Figure 1.13A),45 or mixtures of different disubstituted phosphine groups on each
arm, so-called “homo mixed-arm” ligands (Figure 1.13B).46,47 The synthesis of both of
these variations is described in Section 2.1.1. Additionally, “hetero mixed-arm” ligands
have been reported, which feature a mixture of phosphine, thiol and/or ether moieties at
the terminus of each arm (Figure 1.13C).48
RPhP
PPhR
PPhR
R2P
PR'2
PR''2
Ph2P
D
D'
D = PPh2, D' = OMe, SPh
D = OMe, D' = SPh
A B C
"mixed phosphine" "homo mixed-arm" "hetero mixed-arm"
Figure 1.13: Derivatives of MeCP3
Ph featuring variations at phosphorus (A and B) or
“hetero mixed-arm” systems featuring mixtures of phosphine/thiol/ether moieties
Complexes of MeCP3
Ph or MeCP3
Me with transition metals have been reported across
the d -block.20 Often the ligand is triligating in an imposed fac-geometry, but in some
cases it can be bidentate due to steric or electronic factors.16,49 In most cases five- or six-
coordinate species are observed, while four-coordinate complexes remain rare,16,20 and
higher coordination numbers rarer still (for instance [ReH5(κ
3-MeCP3
Ph)], [ReH7(κ
2-
MeCP3
Ph)], [ReH3(PPh3)(κ
3-MeCP3
Ph)] and [ReH3(CO)(κ
3-MeCP3
Ph)]).50,51 The four
most predominant complex geometries are represented in Figure 1.14, with selected crys-
tallographically characterised examples for each. Following this, examples of complexes
from across the d -block will be given, especially highlighting unusual bonding motifs.
Group 4 complexes have been reported with MeCP3
Me which react with [MCl2(THF)2]
(M = Ti, Zr, Hf) under reducing conditions (K/napthalene) and an atmosphere of CO
to afford the seven-coordinate 4:3 piano-stool complexes [M(CO)4(κ
3-MeCP3
Me)].63 The
MeCP3
Me was found to be instrumental in stabilising the “[Zr0(CO)4]” fragment.
The stoichiometry of reagents and oxidation state of the metal can influence the den-
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PR2
PR2
P PR2
M
P
P
PR2P
M
R2
R2
R2
R2
[Co(NCO)(g3-MeCP3R)]
[Ni(SO2)(g3-MeCP3R)]
[Ni(CF2CF2)(g3-MeCP3R)]
[Cu(S2CSnMe3)(g3-MeCP3R)]
[Co(NCS)2(g3-MeCP3R)]
[Ni(SO4)(g3-MeCP3R)]
[Ni(SeO4)(g3-MeCP3R)]
[Rh(Se2CO)(g3-MeCP3R)][BPh4]2
[Co(BH4)(g3-MeCP3R)]
[IrCl(CO)(g3-MeCP3R)]
[CoCl(PMe3)(g3-MeCP3R)][BPh4]
[CoCl(NH3)(g3-MeCP3R)][BPh4]
[RhH3(g3-MeCP3R)]
[ReCl3(g3-MeCP3R)]
[ReH(CO)2(g3-MeCP3R)]
[Mo(CO)3(g3-MeCP3R)]
Figure 1.14: Common coordination geometries adopted by MeCP3
Ph with selected crys-
tallographically characterised examples50,52–62
ticity of the resultant complex, as demonstrated by a series of chromium complexes. Re-
action of one equivalent of MeCP3
Me with [CrCl3] afforded [CrCl3(κ
3-MeCP3
Me)] (Scheme
1.4A), while reaction of two equivalents of MeCP3
Me with [CrCl2] afforded trans-[CrCl2(κ
2-
MeCP3
Me)2] (Scheme 1.4B).
53 The former MeCP3
Me-containing complex can be con-
verted to a chromium–hydride complex by treatment with LiHBEt3, forming [CrH(κ
3-
MeCP3
Me)2][BEt4] (Scheme 1.4C), and the latter can be reduced by Na/Hg to give the
chromium(0) complex [Cr(κ3-MeCP3
Me)2] (Scheme 1.4D).
53,64 Molybdenum complexes of
MeCP3
Ph are generally unremarkable, forming octahedral complexes such as [Mo(CO)3(κ
3-
MeCP3
Ph)]65–67 or [MoCl3(κ
3-MeCP3
Ph)],68 from which subsequent reactivity was studied.
Tungsten complexes will be assessed in greater detail in Section 2.1.4.
Me2P
Cr
PMe2
Cl Cl
Cl
PMe2 Me2P
Cr
PMe2
P
PMe2Me2P
P
H
[BEt4]
Me2
Me2
Me2P
Cr
PMe2
P
PMe2Me2P
P
Me2
Me2
Cr
PMe2
Cl
P
Me2P
Cl
Me2
Me2P
P
PMe2
Me2
LiHBEt3
nBuLi
Na/Hg
MeCP3Me
2 MeCP3Me
[CrCl3]
[CrCl2]
A
B
C
D
Scheme 1.4: Chromium complexes featuring MeCP3
Me
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Rhenium complexes have already been highlighted due to their ability to form high
coordination number complexes with hydride ligands.50,51 The manganese complexes
are generally octahedral with MeCP3
Ph triligating, and either cationic ([Mn(CO)3(κ
3-
MeCP3
Ph)][X] where X = BPh4, ClO4, PF6, OTf)
69,70 or neutral ([MnR(CO)2(κ
3-MeCP3
Ph)]
where R = H, CH3, COCH3, CN, CNMe).
71–73
Groups 8 and 9 are the most studied transition metals for coordination with MeCP3
R,
as well as their catalytic application. Iron complexes are generally octahedral,16 whereas
cobalt, rhodium and iridium are more geometrically versatile and can adopt tetrahedral,
square-based pyramidal, trigonal bipyramidal or octahedral geometries.20 There are many
similar structures reported featuring either Group 8 or 9 metals, and these are the precur-
sors used for further coordination studies and/or catalysis.16,20 Common ancillary ligands
to the triphosphine include halides, carbonyls, hydrides (and borohydrides) and nitriles.
Ruthenium complexes will be assessed in greater detail in Sections 3.1.2 and 3.1.3.
Iridium, similar to chromium, forms monometallic trichloride complexes of general
formula [IrCl3(κ
3-MeCP3
R)] (R = Me, Ph),57 but both monometallic and bimetallic
structures have been reported for cobalt and rhodium.61,74–76 Cobalt especially showed
versatility in its geometry depending on the oxidation state of the metal centre, with
cobalt(I) forming tetrahedral [CoCl(κ3-MeCP3
Ph)], cobalt(III) forming octahedral [CoCl3-
(κ3-MeCP3
Me)], and depending on the reaction conditions, cobalt(II) was found to adopt
either a monomeric, or dimeric structure, [CoCl2(κ
3-MeCP3
Ph)] and [Co(µ-Cl)(κ3-Me-
CP3
Ph)]2
2+, respectively (Figure 1.15).61,74
Ph2P
Co
PPh2
Cl Cl
PPh2Me2P
Co
PMe2
Cl Cl
Cl
PMe2
CoP
PPh2
Ph2P
Cl Co
Ph2P
P
Ph2
Cl
PPh2
Ph2
[BPh4]2
P Cl
PPh2
P
Co
Ph2
Ph2
Figure 1.15: Cobalt complexes featuring MeCP3
R (R = Me, Ph)
A common entry point to Group 8 and 9 carbonyl complexes is via dicarbonyl com-
plexes of general formula [M(CO)2(κ
3-MeCP3
Ph)]n+ (M = Fe, Co, Rh, Ir).77–79 As these
species are five-coordinate and typically in a low oxidation state, they readily undergo
reaction with ligands such as tertiary phosphines, or oxidative addition with reagents
such as HCl, MeI etc. to form coordinatively saturated complexes. The reaction of di-
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carbonyl species with hydride/proton donors is a convenient method to access metal–
hydride complexes and, especially pertinent to this thesis, complexes of general for-
mula [MHx(CO)y(κ
3-MeCP3
Ph)]n+ (M = Fe, Co, Rh, Ir) can be synthesised (Figure
1.16).57,80–83 Additionally, [Rh(CO)2(κ
3-MeCP3
Ph)]+ can undergo further reaction to af-
ford the carbonyl-bridging dimer [Rh(µ-CO)(κ3-MeCP3
Ph)]2 that includes a Rh–Rh bond.
84
Ph2P
M
PPh2
OC H
PPh2Ph2P
M
PPh2
OC H
H
PPh2
M = Fe, Co, Rh, Ir M = Co, Rh, Ir
Figure 1.16: Group 8 and 9 hydride complexes featuring MeCP3
Ph
Group 10 complexes with MeCP3
Ph typically adopt two different four-coordinate ge-
ometries, predominantly determined by the oxidation state of the metal as expected (Fig-
ure 1.17). In the zero oxidation state, a tetrahedral geometry is adopted, with MeCP3
Ph
in either a bi- or tridentate coordination mode, in the former case the remaining two
coordination sites being occupied by a second κ2-MeCP3
Ph ligand, while in the latter by
a Lewis basic ligands (Figure 1.17A and B, respectively). In the 2+ oxidation state, the
d8-metal centres adopt a square-planar geometry as expected, with a κ2-MeCP3
Ph ligand
and two halides (Figure 1.17C).
P P
PPh2
P
M0
Ph2
P
MII
X
X
PPh2Ph2P
PPh2
PPh2 M = Ni, Pd, PtX = Cl, Br, I
P R
PR2
P
M0
Ph2
Ph2
M = Ni, Pd, Pt
M = Ni, Pd, Pt
R = CO, StBu, SPh, 
       PPh3, PMe3, P(OMe)3
A
B C
Ph2
Ph2Ph2
Figure 1.17: Group 10 complexes featuring MeCP3
Ph
1.3.2 Apical Boron
The Triphos derivative featuring an apical boron atom is by far the most studied analogue
after the carbon-containing ligand, with general formula R′B(CH2PR2)3− (abbreviated to
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R′BP3R). To date there are almost 50 papers that have utilised this ligand in some form.
There have been seven reported analogues that involve changing the substituents at phos-
phorus (R) or the ancillary group (R′). Changing the phosphine substituents from phenyl
(PhBP3
Ph)85,86 to iso-propyl (PhBP3
iPr),87 methylene cyclohexyl (PhBP3
CH2Cyh),88 meta-
terphenyl (PhBP3
mter)89 or para-trifluoromethylphenyl groups (PhBP3
p-CF3Ph)90 accounts
for five of these, with the remaining two being derivatives of the phenyl and iso-propyl
ligands but after substituting the normal phenyl ancillary group with a n-butyl moiety
(nBuBP3
Ph and nBuBP3
iPr).91
In general, these ligands are produced first by formation of the desired disubstituted
phosphinomethide reagent as a lithium salt (R2PCH2Li or R2PCH2Li(TMEDA)) from the
corresponding methyl phosphine (R2PCH3) (Scheme 1.5A). Reaction of three equivalents
of the phosphinomethide reagent with the desired dichloroborane compound initially gives
borate salt formation before the chlorides undergo substitution with two more methides to
afford the final ligand as a lithium salt (Scheme 1.5B).85–90 It was found that subsequent
metathesis to the thallium salt (using either TlPF6 or TlNO3) facilitated work-up and
isolation, as well as acting as a better reagent for further coordination.92 Only nBuBP3
Ph
and nBuBP3
iPr were not isolated as the thallium salts, instead the lithium salts were used
directly in aerosol-assisted chemical vapour deposition experiments.91
TMEDA
R
P
R
CH3 +  nBuLi
R
P
R
CH2
[Li(TMEDA)]
R
P
R
CH2
[Li(TMEDA)] R'
B
Cl Cl
+3 B
R2P
PR2
PR2
R'
[Li(TMEDA)]
A
B
–78–90 oC
4–72 hrs
–90 oC–RT
0.5–12 hrs
Et2O/toluene
Scheme 1.5: (A) Synthesis of phosphinomethide reagent and (B) general synthetic scheme
for the preparation of R′BP3R ligands
PhBP3
Ph was first synthesised in 1999 independently by the Nocera85 and Tilley
groups.86 Initial studies on the coordination chemistry of PhBP3
Ph were performed with
tin85 and iridium,86 demonstrating a facially-capping coordination mode similar to that
of the well-known cyclopentadienyl (Cp−) and tris-pyrazolylborate (Tp−) ligands, and
their derivatives.
The most striking feature of the reported tin complexes is that one phosphine arm
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coordinates more weakly than the others.85 This is evident from the Sn–P bond distances
obtained from X-ray diffraction analysis of the complex [SnCl(κ3-PhBP3
Ph)], which has
two short Sn–P bonds (2.6746(14) and 2.690(2) A˚) and one long bond (3.036(2) A˚), which
sits beyond the standard covalent bonding distance for tin and phosphorus.
Early coordination studies using PhBP3
Ph focused on iridium complexes and their abil-
ity to activate silanes.86 Two allyl complexes, [IrH(η3-C8H13)(κ
3-PhBP3
Ph)] and [IrH(η3-
C3H5)(κ
3-PhBP3
Ph)], were identified as viable precursors for reactivity studies.93 Both
complexes were used to extensively explore the chemistry of the “[Ir(κ3-PhBP3
Ph)]” frag-
ment, affording hydride, dicarbonyl, dimethyl, halide, phosphino, cyclometalated and
bridged dimeric species, as well as mixtures thereof (Scheme 1.6).86,93
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H
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Cl Cl
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Ph2P
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P
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PhMe2P
H
PPh2
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Ph Ph2P Ir
PPh2
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PhMeP H
PPh2
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70% 30%
PMePh2
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CCl4
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Scheme 1.6: Selected complexes featuring the “[Ir(κ3-PhBP3
Ph)]” fragment
Iron,87 cobalt94 and nickel39 complexes featuring ligands PhBP3
R (R = Ph, iPr,
CH2Cyh, mter) have been studied extensively, and display many common coordination
motifs. In general [(κ3-PhBP3
R)M=E] and [(κ3-PhBP3
R)M≡E] (M = Fe, Co, Ni; E =
pi-basic ligands such as O2−, NR2− and N3−) structures were targeted.94 Structures of
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this type are proposed intermediates in a number of catalytic reactions of both synthetic
and biocatalytic significance, and consequently represent an interesting area of academic
research. By studying the activation of small molecules such as N2, mechanistic insight
into important processes such as the Haber-Bosch process and the mode of action of
nitrogenase enzymes may yet be elucidated.95–97
Pseudo-tetrahedral halide complexes of general formula [MX(κ3-PhBP3
R)] (R = Ph,
iPr, CH2Cyh, mter; M = Fe, Co, Ni; X = Cl, Br, I) were synthesised as a convenient
way to access the “[M(κ3-PhBP3
R)]” fragment (Scheme 1.7).38,39,87–89,98 The complexes
[CoX(κ3-PhBP3
Ph)] (X = Cl, Br) were found to exist in equilibrium in a benzene solution,
between their monomeric and dimeric forms (Scheme 1.8), but only as dimers in the solid
state.38 Similar to the tin complexes, each complex has one modestly elongated, and two
short Co–P bonds.
"MX2"PhBP3R
P X
PR2
B
P
M
Ph
R2
R2
M = Ni
M = Co
M = Fe
R = Ph
R = iPr
R = Ph
R = iPr
R = Ph
R = iPr
R = CH2Cyh
R = mter
X = Cl, I
X = I
X = Cl, Br, I
X = Cl, I
X = Cl, Br, I
X = Cl
X = Cl
X = Cl
Scheme 1.7: Synthesis of [MX(κ3-PhBP3
R)] (R = Ph, iPr, CH2Cyh, mter; M = Fe, Co,
Ni; X = Cl, Br, I) complexes
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Scheme 1.8: Solution equilibria of [CoX(κ3-PhBP3
Ph)] (X = Cl, Br)
Electronic analysis of the iodo complex [CoI(κ3-PhBP3
Ph)] shows it adopts an anoma-
lous low spin doublet configuration, attributed to a pronounced axial distortion.99 This
distortion also suggests that installing a divalent strong pi-donating ligand (such as an
imido) should be possible.38 In contrast, the complexes featuring PhBP3
iPr show the
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high-spin behaviour expected of pseudo-tetrahedral late transition metal complexes.87
This may be due to the increased rigidity around the phosphine substituents compared
to PhBP3
Ph, which prohibits axial Jahn-Teller distortion. This rigidity is also observed
in the M–P bond distances which are all identical when PhBP3
iPr is coordinated in a tri-
dentate mode. Reduction and replacement of the halide ligand with phosphines,39,88,94,98
or substitution of the halide with carbonyls, methyl or isocyanide groups, as well as –
OR, –SR and ≡NR groups has been achieved using appropriate reagents, affording either
tetrahedral or five-coordinate complexes.38,39,87,89,94,98,100,101
More recent work has focused on second row transition metals such as rhodium102,103
and ruthenium.103,104 Rhodium derivatives have displayed a wide range of chemistry, with
many reported complexes.103,105,106 As these complexes have been studied as hydrogena-
tion and hydrogen transfer catalysts, several complexes feature Rh–H fragments. Imido
complexes similar to the cobalt- and iron-complexes have been synthesised, and all show
identical reactivity with CO, forming their respective dicarbonyl complexes [M(CO)2(κ
3-
PhBP3
R)] (M = Co, Fe, Rh; R = Me, Ph) (Scheme 1.9).94,98,106 Rhodium–imido com-
plexes were additionally reacted with (i) azides to give a tetrazine, (ii) acids to give
tris-solvent ligated complexes, and (iii) molecular hydrogen to afford dihydride species
(Scheme 1.10).106
P NR'
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CO
Scheme 1.9: Synthesis of[M(CO)2(κ
3-PhBP3
R)] complexes from [M(NR′)(κ3-PhBP3R)]
(M = Co, Fe, Rh; R = Me, Ph)
Ruthenium species have been extensively studied for silane activation, with two dimeric
precursors predominantly utilised: [Ru(µ-Cl)(κ3-PhBP3
R)]2 (R = Ph,
iPr).87 These com-
plexes are formed from reaction of PhBP3
R with [RuCl2(PPh3)3]. The dimeric ruthenium
species can be split using CO or PMe3, or alternatively by treatment with AgPF6 in
acetonitrile to afford [Ru(NCMe)3(κ
3-PhBP3
iPr)] (see Section 3.1.3).87,107
Other reported complexes featuring PhBP3
R ligands include those with platinum,108
silver90 and copper.90,109 In terms of reported platinum complexes, alkyl and hydride
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Scheme 1.10: Reactivity of [Rh(NAd)(κ3-PhBP3
Ph)] (Ad = adamantyl)
complexes have been prepared.108 The initially prepared octahedral platinum(IV) complex
[PtMe3(κ
3-PhBP3
Ph)] is highly stable, precluding further reactivity studies. On the other
hand, the square-planar platinum(II) complex [PtMe2(κ
2-PhBP3
Ph)][nBu4N] with only
two bound phosphine arms reacts at both the free arm and metal centre. Silver complexes
featuring nBuBP3
Ph and nBuBP3
iPr were synthesised for use as chemical vapour deposition
precursors,91 while copper and silver complexes with the relatively electron-withdrawing
ligand PhBP3
p-CF3Ph were prepared and evaluated as nitrene-transfer catalysts.90 Each
silver and copper complex was pseudo-tetrahedral with all three phosphine arms of the
tripodal ligand coordinating to the metal centre, as well as an additional phosphine to fill
the fourth coordination site.
1.3.3 Apical Phosphorus
The phosphorus analogue was first reported during an investigation of the reactivity of
LiCH2PMe2 with various substrates. Reactions of LiCH2PMe2 with P(OPh)3 resulted in
tri-substitution to produce the phosphorus-centred ligand P(CH2PMe2)3 (PP3
Me).110
This ligand motif was next reported 20 years later, when the phenyl derivative P(CH2-
PPh2)2 (PP3
Ph) was synthesised and coordinated to manganese in order to study their
cyclic voltammetric responses.111 The manganese complexes had PP3
Ph binding in a
meridional mode through two arms and the central phosphine: cis,mer -[MnBr(CO)2(κ
2-
PP3
Ph)] and trans-[MnBr(CO)2(κ
2-PP3
Ph)][BF4]. As different isomers and oxidations
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states were investigated, this allowed rates of isomerisation to be probed in the solid-state.
PP3
Ph was likewise quantitatively prepared by reaction of Ph2PCl with P(CH2SiMe3)3
(Scheme 1.11).112
3  R2PCH2Li  +  P(OPh)3 P
R2P
PR2
PR2
3  R2PCl  +  P(CH2SiMe3)3
3  R2PCH2Li(TMEDA)  +  PCl3
or
R = Me
R = Ph
0 oC–RT
10 hrs
250 oC, 20 mins
Scheme 1.11: Synthetic strategies to afford PP3
R (R = Me, Ph)
Blu¨mel and co-workers utilised an alternative synthetic scheme that more closely re-
sembles the synthetic strategy used to synthesise the boron-centred ligands (Section 1.3.2).
Reaction of three equivalents of Ph2PCH2Li(TMEDA) with PCl3 resulted in formation of
PP3
Ph in good yield (87%).113 In order to immobilise PP3
Ph on silica via electrostatic in-
teractions for use in catalysis, the apical phosphorus was quaternised into a phosphonium
moiety. To achieve this quaternisation with related diphosphine ligands, methyl iodide
was used,113 but this led to a mixture of products when adapted for PP3
Ph. Instead, the
more selective methyl triflate was used, as this only reacted with the most basic site, being
the trialkylphosphine moiety, ultimately affording MeP(CH2PPh2)3
+OTf− (MeP+P3Ph).
The newly prepared cationic ligand was coordinated via the three remaining phosphines
to rhodium, with no interference from the phosphonium moiety. This rhodium complex
was subsequently immobilised on silica (Scheme 1.12).113
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Scheme 1.12: Immobilisation of MeP+P3
Ph on silica via electrostatic interactions
Finally, some homo- and hetero-metallic tetra-clusters were prepared with PP3
Ph:
[M4(µ
4-PP3
Ph)2]
4+ (M = Ag, Au), [AuAg3(µ
4-PP3
Ph)2]
4+ and [Au2Cu2(µ
2:κ1,µ1:κ2-PP3
Ph)2-
(NCMe)4]
4+.114 Structurally these clusters arranged as two parallel PP3
Ph ligands, with
the four metal ions positioned in a planar trigonal formation and bis-coordinated by two
opposite phosphines from each ligand, except for [Au2Cu2(µ
2:κ1,µ1:κ2-PP3
Ph)2(NCMe)4]
4+
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which adopts a different structural motif (Figure 1.18). These complexes were studied for
their dynamic solution behaviour by variable-temperature NMR, as well as for their pho-
toluminescence, which in one case gave quantum yields as high as 64%. It was found that
an increase of the gold content within the cluster core gradually improved the quantum
efficiency of these luminophores in the solid state.114
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Figure 1.18: Structural motifs of multi metallic arrays featuring PP3
Ph
1.3.4 Apical Silicon
Karsch and Appelt first published a silicon derivative of Triphos in 1983 which fea-
tured an ancillary methyl group and dimethylphosphino moieties: CH3Si(CH2PMe2)3
(MeSiP3
Me).115 This was synthesised by substitution of three chlorine groups of methyl-
trichlorosilane with LiCH2PMe2 (Scheme 1.13). Similar to the preparation MeCP3
Ph, this
substitution suffers from poor yields and the ligand was only obtained in 32% yield.115
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Me2P
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Ph2P
PPh2
PPh2
EtO
–78 oC–RT
12 hrs
Et2O
–10 oC–RT
3 hrs
THF
RT, 4 hrs
Pentane
Scheme 1.13: Synthetic scheme to produces symmetric silicon-centred ligands R’SiP3
R
Coordination studies were not undertaken until the ruthenium complex [RuCl2(PMe3)-
(κ3-MeSiP3
Me)] was synthesised by reaction of MeSiP3
Me with [RuCl2(PMe3)4].
116 This
1.3. The “Triphos” Ligand Scaffold 25
complex was used as a precursor to synthesise metallocyclobutane,117 which was found
to undergo step-wise C–C and C–H bond activation upon heating, to afford a ligated
trimethylenemethane (tmm) (Scheme 1.14).
Me2P
Ru
PMe2
Si
Me3P Cl
Cl
PMe2 Me2P
Ru
PMe2
Si
Me3P
PMe2
Me2P
Ru
PMe2
Si
Me
PMe2
Ru
Me2P
Si
PMe2
PMe2
C–C activation C–H activation
75 oC 135 oC2 Me3CCH2MgCl
Scheme 1.14: Synthesis of metallocyclobutanes and subsequent thermolysis to
trimethylenemethane (tmm)
The diphenylphosphino derivative, MeSi(CH2PPh2)3 (MeSiP3
Ph) was prepared by re-
action of MeSi(CH2Cl)3 with three equivalents of Ph2PLi (Scheme 1.13),
118 and compared
to analogues featuring apical carbon and tin atoms. Based on an X-ray crystallographic
study of a series of rhodium complexes, a lengthening of the bond between the apical
atom and the methylene carbon situated on the arm of the ligand was observed, suggest-
ing increasing steric bulk at the metal centre following the trend C < Si < Sn.118
Subsequent reports involving R′SiP3R derivatives developed the ancillary group119
and phosphine substituents.120 By substituting the ancillary methyl group in MeSiP3
Ph
for an ethoxy moiety (EtOSiP3
Ph), this allowed the ligand to be anchored to silica via
an ether linkage, immobilising metal complexes similar to the use of MeP+P3
Ph (Scheme
1.15). Anchored complexes of this variety are currently used for catalytic applications that
have both homogeneous and heterogeneous characteristics. The well-defined structure
of the complex provides the control and durability of homogeneous catalysts, while its
immobilisation host allows for ease of work-up and recovery.
Ph2P
W
PPh2
Si
OC CO
CO
PPh2
OEt
Ph2P
W
PPh2
Si
OC CO
CO
PPh2
O
silica
Si
Ph2P
PPh2
PPh2
EtO [W(CO)6] silica
Scheme 1.15: Tungsten complexation and immobilisation on silica of EtOSiP3
Ph
Adaptions to the phosphine moieties of the parent ligand MeSiP3
Me have been re-
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ported by Tuczek and co-workers. These derivatives involve the substitution of one
PMe2 group for either a PPh2 (MeSiP2
MePPh) or PiPr2 group (MeSiP2
MePiPr).120 The
three ligands MeSiP3
Me, MeSiP2
MePPh and MeSiP2
MePiPr were coordinated to molybde-
num(III) and subsequently studied for molecular nitrogen activation.120,121 In general, the
tripodal MeSiP2
MePR ligands were complexed with [MoCl3(THF)3] forming [MoCl3(κ
3-
MeSiP2
MePR)], and then subsequently reduced using a Na/Hg amalgam in the presence of
a secondary bidentate phosphine ligand (Scheme 1.16). This synthetic procedure was im-
plemented to form molybdenum(0) complexes incorporating five coordinating phosphines
possessing a mixture of diaryl and dialkyl substituents.
Me2P
Mo
PMe2
Si
Cl Cl
Cl
PR2Si
Me2P
PMe2
PR2
[MoCl3(THF)3]
Me2P
Mo
PMe2
Si
N2 P
R'2P
PR2
R'2
R = Me, Ph, iPr
R' = Me, Ph
Na/Hg
N2
R'2P PR'2
Scheme 1.16: Synthesis of pentaphosphine coordinated molybdenum–N2 complexes
1.3.5 Apical Tin
There are only two reports of tin-centred Triphos derivatives, both of which were re-
ported alongside their silicon-analogues (see Section 1.3.4). First published for compar-
ison to MeSiP3
Me, the tin derivative was prepared using an identical method, affording
CH3Sn(CH2PMe2)3 (MeSnP3
Me).115 No coordination was undertaken with MeSnP3
Me,
but in 1995 an alternative tin-centred ligand featuring diphenyl substituents on phos-
phorus, nBuSn(CH2PPh2)3 (
nBuSnP3
Ph) was reported.118 Two rhodium(I) complexes of
nBuSnP3
Ph were synthesised, but their isolation was problematic due to significant for-
mation of oligomeric compounds.
Additionally, a ruthenium(II) compound was reported featuring one monodentate, and
one bidentate CF3CO2 ligand (Scheme 1.17).
118 This was compared to the carbon-based
MeCP3
Ph as it was thought that the increased steric bulk of nBuSnP3
Ph could poten-
tially facilitate the stabilisation of monometallic, dichloride, penta-coordinate ruthenium
complexes, instead of well-documented bimetallic species with bridging chlorides. Unfor-
tunately these monomeric complexes were inaccessible.
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Scheme 1.17: Coordination of nBuSnP3
Ph to ruthenium(II)
1.3.6 Apical Nitrogen
Whilst the tridentate ligand featuring an ethylene bridge between the apical nitrogen and
phosphine moieties is very well studied,16,20 the methylene-bridged analogue is less well
known. The methylene-bridged ligand was first reported in 1981, alongside the synthesis
of three derivatives, differing by the identity of the phosphine groups, including two that
featured two different substituents on the same phosphorus atom (“mixed phosphine”):
N(CH2PRR
′)3 (R = R′ = Ph, NP3Ph; R = Ph, R′ = C10H7, NP3PhNaphth; R = Ph, R′ = Me,
NP3
PhMe).27 These were synthesised from the respective hydroxymethylphosphines with
ammonia in moderate to high yields (61–94%) via a phosphorus-based Mannich reaction
(see Section 2.1.2). Alternatively, the hydroxymethylphosphine reagents can be generated
in situ from the corresponding phosphonium salt in the presence of base. In total there
have been nine NP3
R derivatives reported, the three described above as well as derivatives
with cyclohexyl, tert-butyl,29 ethyl,31 dimethylphospholane (DMP), diphenylphospholane
(DPP),30 and iso-propyl substituents at phosphorus.33 The synthesis of NP3
R ligands is
discussed in more detail in Section 2.1.1.
NP3
Ph, NP3
PhNaphth and NP3
PhMe were coordinated to molybdenum starting from
[Mo(CO)6], in each case affording the tridentate, tricarbonyl complexes [Mo(CO)3(κ
3-
NP3
R)].27 The molybdenum complex [Mo(CO)3(κ
3-NP3
Ph)] was also prepared starting
from the more labile precursor [Mo(CO)3(NCMe)3], and the apical nitrogen protonated
with HBF4.
28 This protonation is discussed in more detail in Section 2.1.1.
The steric bulk of the phosphine moieties was increased in two derivatives, either by
cyclohexyl (NP3
Cyh) or tert-butyl (NP3
tBu) substituents at phosphorus.29 Coordination of
NP3
Cyh to molybdenum(0) and tungsten(0) exclusively afforded bidentate, tetracarbonyl
complexes with one arm of the tripodal ligand remaining uncoordinated (Scheme 1.18).
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It was argued that this was due to the increased steric demand around the metal centre
and was demonstrated via space-filling models. The pendant arm was used to coordinate
to different metals (gold, platinum and silver), affording hetero-multimetallic complexes
(Scheme 1.18).29
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Scheme 1.18: Synthesis of tungsten–NP3
Cyh complexes
Further derivatisation of the phosphine moieties was achieved through the use of
chiral phospholane substituents: NP3
DMP and NP3
DPP (Figure 1.19). Complexation of
these ligands to the rhodium(I) precursor [Rh(cod)2][BF4] showed different coordination
modes, with the less bulky NP3
DMP coordinating through all three phosphine groups to
afford [Rh(cod)(κ3-NP3
DMP)], while the sterically cumbersome NP3
DPP only through two:
[Rh(cod)(κ2-NP3
DPP)] (Scheme 1.19). DFT calculations confirmed this discrepancy to
be steric in nature, as the theoretical tridentate complex [Rh(cod)(κ3-NP3
DPP)] sits 65.7
kJ mol−1 higher in energy than its bidentate analogue, while the bidentate [Rh(cod)(κ2-
NP3
DMP)] sits 25.9 kJ mol−1 higher in energy than its isolated tridentate counterpart.30
The pendant arm of [Rh(cod)(κ2-NP3
DPP)] was coordinated to various gold salts, accessing
hetero-bimetallic systems. Moreover, two trimetallic gold complexes of ligands NP3
DMP
and NP3
DPP were synthesised, where each phosphine was coordinated to a separate AuCl
unit (Scheme 1.19).32 Both inter- and intra-molecular aurophilic interactions were found
1.3. The “Triphos” Ligand Scaffold 29
to [Au3Cl3(µ
3:κ1-NP3
DMP)] and [Au3Cl3(µ
3:κ1-NP3
DPP)], respectively. The metallophilic
interactions lead to a zig-zag arrangement in the solid-state of crystalline [Au3Cl3(µ
3:κ1-
NP3
DMP)], and intramolecular aggregation of [Au3Cl3(µ
3:κ1-NP3
DPP)] in solution, even at
low temperatures.
N
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P
P
R
R
R R
R
R
R = Me, NP3DMP
R = Ph, NP3DPP
Figure 1.19: Phospholane ligands NP3
DMP and NP3
DPP
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Scheme 1.19: Complexes of phospholane NP3
R ligands
Similar to the reactivity observed on rhodium, the steric encumberment of the triphos-
phine ligand affected the resultant geometry of ruthenium complexes. The reaction of
less bulky NP3
iPr or NP3
DMP ligands with [Ru(methylallyl)2(cod)] afforded [Ru(tmm)(κ
3-
NP3
R)] (R = iPr, DMP),33 while the sterically larger NP3
DPP afforded [Ru(κ3P :κ2C-
NP3
DMP)], in which dicyclometalation has occurred, displacing the tmm ligand (see Figure
3.4).34 The formation of these tmm complexes and some reactivity is discussed in further
detail in Sections 2.1.1 and 3.1.2.
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1.4 Catalytic Applications of Triphos Ligands
Transition metal complexes with Triphos ligands have been widely utilised in applications
ranging from more traditional catalysis to small molecule activation and the stabilisation
of exotic species. In some cases, the observed reactivity is directly attributable to the
tridentate coordination geometry imposed by the ligand. This section will give an overview
of different applications that have utilised transition metal Triphos complexes, as well as
a discussion of their significance. Carbon-centred MeCP3
R ligands have been used very
extensively, and consequently an exhaustive review of their application in catalysis is
beyond the scope of this thesis. Instead, only appropriate early catalytic studies will be
discussed in this chapter, as this work laid the foundations for future, more specialised
studies. More detailed contemporary applications of MeCP3
R ligands in catalysis can be
found in Sections 4.1.1 and 4.1.2.
1.4.1 Apical Carbon
Early catalytic studies using MeCP3
Ph predominantly involved hydrogenation and hydro-
formylation reactions, as well as hydrogenolysis reactions for cleaving C–N and C–S bonds
to remove impurities from petrochemical feedstocks.
Both rhodium122 and ruthenium123 complexes have been tested as hydrogenation cat-
alysts over a range of substrates, including 1-hexene, cis-stilbene, biphenyl acetylene,
dimethyl maleate, cyclohexene, cyclohexanone, propanal and 2-cyclohexen-1-one. De-
pending on the specific rhodium pre-catalyst and any additives, two different manifolds
can be accessed, either a neutral manifold involving the “[RhH(κ3-MeCP3
Ph)]” fragment
or a cationic manifold involving the “[Rh(κ3-MeCP3
Ph)]+” fragment. In the proposed
mechanism, the neutral manifold shuttles between 16- and 18-electron species, whereas
the cationic manifold additionally incorporates an unstable 14-electron species. During
the catalytic hydrogenation of alkenes, the two manifolds are extremely sensitive to both
the electronic and steric nature of the olefin substituents. In particular the presence
of substituents containing potential donor atoms that can provide the metal–alkene in-
termediates with additional stability appears important in dictating the course of the
reaction.122
A catalytic system capable of maintaining activity in a biphasic system by incorpora-
tion of a charged sulfate moiety into the ancillary group of RCP3
Ph (the so-called “sulphos”
ligand, Figure 1.20), was reported. Again, both rhodium124 and ruthenium125 complexes
were found to be active for hydrogenation towards a range of olefins. Furthermore, two
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iridium systems ([IrH2(C2H4)(κ
3-MeCP3
Ph)][BPh4] and [IrH(µ-H)(κ
3-MeCP3
Ph)]2) were
reported as being capable of hydrogenating ethene to ethane in a solid-gas reaction.126
RuP
PPh2
Ph2P
Cl Ru
Ph2P
P
Ph2
Cl
PPh2
Ph2
Ph2P
Rh
PPh2
PPh2
SO3–
Cl
SO3–
–O3S
–
Figure 1.20: Rhodium and ruthenium complexes with the sulphos ligand
Rhodium species are also active hydroformylation catalysts, with much work being
carried out on the hydroformylation of 1-hexene. In general, these systems were found to
be less active than related PPh3 systems, but more selective for linear aldehydes than
iso derivatives compared to the traditional [RhH(CO)(PPh3)3] catalyst.
127 Although
the lower activity is disadvantageous for catalysis, the increased stability imparted by
MeCP3
Ph did allow the isolation of many more intermediary complexes that help elucidate
reaction mechanisms.122 Subsequent mechanistic in situ IR studies showed that phosphine
arm dissociation was likely to occur during the catalytic cycle, under hydroformylation
conditions.128 Further studies confirmed the bidentate complex [RhH(CO)(κ2-MeCP3
Ph)]
as the active species, and the rate determining step to be the migratory insertion of the
alkene into the Rh–H bond.129
Similar to the reported hydrogenation reactions, biphasic rhodium catalyst systems
were also reported as catalyst candidates for the hydroformylation of 1-hexene. The
products were found to be alcohols in alcohol/hydrocarbon systems, and aldehydes in a
alcohol-water/hydrocarbon systems.124
During the hydrotreating of petroleum feedstocks, sulfur compounds, among which
the thiophenes are quite abundant and most difficult to degrade, are converted to hy-
drocarbons and H2S via the hydrodesulfurisation process. The removal of sulfur from
fossil materials is important to minimise the amounts of sulfur introduced into the atmo-
sphere during combustion of petroleum-based fuels (generating SOx which contribute to,
amongst other things, acid rain) and to prevent the poisoning of reforming and cracking
catalysts that are used to upgrade the feedstocks to high value fuel streams. Hydrodesul-
furisation is accomplished industrially using heterogeneous catalysts at high hydrogen
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pressures (35–170 bar) and temperatures (300–425 ◦C),130 while homogeneous catalysts
may be just as active, even under more mild conditions.
Several rhodium and ruthenium complexes featuring MeCP3
Ph have been claimed to
transform benzo[b]thiophene (BT), which was used as a model S-heterocyclic compound.
Both the rhodium complex [Rh(cod)(κ3-sulphos)] and ruthenium complex [Ru(NCMe)3(κ
3-
MeCP3
Ph)][BPh4]2 were found to hydrogenate BT to 2,3-dihydrobenzo[b]thiophene (DHBT)
in the absence of base,130,131 whereas C–S bond cleavage via hydrogenolysis was observed
in the presence of base (Scheme 1.20).130,132 After extensive mechanistic investigations
including high-pressure NMR experiments, this differing reactivity was determined to be
due to electronic differences in the active species. The relatively electron-poor ruthe-
nium(II) fragment “[RuH(κ3-MeCP3
Ph)]+” led to hydrogenation, while the electron-rich
ruthenium(0) fragment “[RuH(κ3-MeCP3
Ph)]−” resulted in hydrogenolysis.131 The coor-
dination of BT to ruthenium can occur via two different bonding modes (Scheme 1.21):
η2-C,C or η1-S, with an equilibrium being established between the two in solution. The
preference for hydrogenation over hydrogenolysis becomes kinetically controlled by hy-
dride migration for ruthenium(II) and by C–S insertion for ruthenium(0).131
S S S
–
SH
SMe
S S
[Ru] cat. [Ru] cat.
KOtBu
H+
MeOH
O2
hydrogenation hydrogenolysis
BT
Scheme 1.20: Hydrogenation and hydrogenolysis of benzo[b]thiophene
An isolatable pre-catalytic species capable of forming the ruthenium(0) fragment
“[RuH(κ3-MeCP3
Ph)]−” is the ruthenium trihydride [RuH3(κ3-MeCP3Ph)][K]. This com-
plex can be synthesised by treatment of either [Ru(NCMe)3(κ
3-MeCP3
Ph)][BPh4]2 or
[RuH(κ2-BH4)(κ
3-MeCP3
Ph)] with KOtBu.132 Consequently [RuH3(κ
3-MeCP3
Ph)][K] is
an excellent pre-catalyst for the hydrogenolysis of BT. Interestingly, unlike other ruthe-
nium complexes, when [RuH(κ2-BH4)(κ
3-MeCP3
Ph)] is used in the absence of base, a
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H H
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Scheme 1.21: Different coordination modes of benzo[b]thiophene to ruthenium
dimeric species is very quickly formed under mild conditions (40 ◦C, trace H2) where
C–S cleavage has already occurred (Scheme 1.22). The thiolate product can be released
from the dimeric species using acid to produce thiols while increasing the H2 pressure and
applying heat yields ethylbenzene.133
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Scheme 1.22: Mechanism of hydrogenolysis of benzo[b]thiophene using [RuH(κ2-BH4)(κ
3-
MeCP3
Ph)]
Similar to sulfur impurities in petrochemical feedstocks, the removal of nitrogen con-
taining compounds (by hydrodenitrogenation) is also important for many similar rea-
sons (avoidance of the generation of NOx in this case), and often occurs in tandem to
hydrodesulfurisation.134 The bond energy of a C–N bond is generally 13–38 kJ mol−1
higher than a C–S bond, making cleavage of the former more difficult. A rhodium(III)
catalyst has been reported to efficiently catalyse the hydrogenation of quinoline (Q) to
1,2,3,4-tetrahydroquinoline (THQ) (Scheme 1.23), in contrast to its ineffectiveness at
transformations of BT. The ruthenium(II) fragment “[RuH(κ3-MeCP3
Ph)]+” previously
discussed was also found to be effective at this transformation. The hard nature of both
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the rhodium(III) and ruthenium(II) fragments can help explain the ability of these species
to activate nitrogen-containing substrates, which preferentially coordinate to harder metal
centres than S-heterocyclic substrates.134
N NH
RuII or RhIII cat.
N
H
N
H
RuII or RhIII cat.
quinoline (Q) 1,2,3,4-tetrahydroquinoline (THQ)
indole (IN) indoline (INE)
H+ cat.
Scheme 1.23: Hydrogenation of quinoline and indole using ruthenium and rhodium cata-
lysts
Another N-heterocyclic substrate, indole (IN), was similarly selectively hydrogenated
using the same catalysts as used for the Q → THQ reaction, to indoline (INE) (Scheme
1.23).135 Importantly, in both cases the hydrogenation of Q and IN was limited to the ring
containing the heteroatom, maintaining aromaticity in the carbocycle. This selectivity is
desirable as it consumes less H2, and would yield fuels with a higher octane rating due
to the residual aromaticity in potentially denitrogenated products. An acidic co-catalyst
was also found to be necessary for the hydrogenation of IN, but not for Q. This was
reasoned to be due to easier substrate binding in an η2-C,N -3H -indolium mode from the
protonation of IN (Figure 1.21), as well as for maintaining the metal oxidation states
(Ru2+ and Rh3+).135
N
d2-C,N-3H-indolium
[M]
H+H
TfO
Figure 1.21: Coordination of indolium to ruthenium and rhodium metal centres in an
η2-C,N -3H -indolium coordination-mode
Overall, complexes featuring MeCP3
Ph ligands have been used catalytically for tra-
ditionally difficult reactions that often require high temperatures and pressures. The
stability imparted by the chelation of all three arms of the triphosphine ligand are clearly
beneficial for maintaining the catalytic activity and prohibiting deactivation pathways.
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1.4.2 Apical Boron
Complexes featuring R′B(CH2PR2)3 ligands have been widely used across many appli-
cations, ranging from hydrogenation reactions103 to their use as precursors for metallic
silver aerosol-assisted chemical vapour deposition.91 These complexes have displayed a
rich chemistry for the stabilisation of reactive species via activation of small molecules,
as well as mediating their subsequent reactivity. The activation chemistry of primary,
secondary and tertiary silanes to generate catalytically important silylene fragments has
been developed on both iridium136 and ruthenium centred complexes.104,137 Catalytic and
stoichiometric reactions of organosilanes are thought to occur via intermediate silylene
complexes (e.g. hydrosilation of olefins), making the study of these species important for
the development of organosilicon chemistry.
Both iridium and ruthenium complexes can activate secondary silanes to different
extents. Reaction of the iridium complex [IrH(η3-C8H13)(κ
3-PhBP3
Ph)] with secondary
silanes H2SiRR
′ (R = R′ = Mes, Ph, Et, Me) in each case afforded the desired sily-
lene complexes, presumably resulting from initial oxidative addition of H–SiHR2, before
1,2-hydride migration occurs to give the final products (Scheme 1.24–Route A).136 Iden-
tical reactivity was also observed with secondary germanes but not stannanes or alkanes.
On the other hand, the reaction between [Ru(µ-Cl)(κ3-PhBP3
Ph)]2 with excess secondary
silanes afforded [RuH(η3-H2SiRR
′)(κ3-PhBP3Ph)] (R,R′ = Me,Ph, Ph2), featuring a rarely
observed η3-H2Si coordination mode (Scheme 1.24–Route B).
104 This differs from the re-
activity observed for iridium in that the silicon moiety still contains directly bound hydro-
gens. The electrophilic character of the silicon atom in [RuH(η3-H2SiRR
′)(κ3-PhBP3Ph)]
where R,R′ = Me,Ph or Ph2, is evident from the reaction of these complexes with Lewis
bases such as THF and 4-(dimethylamino)pyridine (DMAP) which resulted in adduct
formation (Scheme 1.24–Route C).104 The reactivity of these complexes was further stud-
ied by reaction with 2,6-xylylisocyanide (Scheme 1.24–Route D)138,139 and 2,6-xylylsilane
(Scheme 1.24–Route E),137 the former resulting in silane–isocyanide coupling, and the
latter in formation of a dimeric species featuring an extremely rare central η4:η4-SiH6
2−
moiety, namely [Ru2(η
4:η4-SiH6
2−)(κ3-PhBP3Ph)2].137 The only other reported synthesis
of this species required extreme pressures and high temperatures (>40,000 bar, >450
◦C),140 making the aforementioned mild and high yielding synthesis notable. The stabil-
ity was proposed to be due to the ability of each flanking “[Ru(κ3-PhBP3
Ph)]” moiety to
uniformly remove electron density from each Si–H bond.
Primary silanes displayed different reactivity towards the dimeric ruthenium complex
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Scheme 1.24: Activation of secondary silanes on iridium and ruthenium centred complexes
[Ru(µ-Cl)(κ3-PhBP3
Ph)]2 (Scheme 1.25).
137 Rather than the expected silylene complex,
an exotic dimer containing one bridging chloride as well as a hydrosilicate σ-complex was
formed (Scheme 1.25).
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Scheme 1.25: Activation of primary silanes with the ruthenium complex [Ru(µ-Cl)(κ3-
PhBP3
Ph)]2
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Cobalt–, iron– and rhodium–imide complexes described in Section 1.3.2 exhibit similar
reactivity towards CO and H2, producing isocyanate and primary amines, respectively
(Scheme 1.26).94,95,98,106 The fate of the metal fragment was identical for each metal upon
exposure to excess CO; namely, the formation of dicarbonyl complexes (Scheme 1.26) via
a reductive two-electron group-transfer process that delivers the bound imido group to
the substrate. Conversely, upon exposure to molecular hydrogen, the metallic components
behave differently. In both cases, the imido group is converted into a primary amine, but
in the case of rhodium complexes, dihydride species are formed with the primary amine
remaining coordinated.106 On the other hand the iron complex released the generated
amine and activates the benzene solvent by protonation (Scheme 1.26).95
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Scheme 1.26: Reaction of cobalt–, iron– and rhodium–imine complexes with CO and H2
Rhodium(I) species were ineffective catalysts for the coupling of aldehydes, exclusively
leading to decarbonylation products, but they were active for the selective hydrogenation
of cinnamaldehye to the corresponding α,β-unsaturated alcohol (Scheme 1.27).103 The
ruthenium dimer [Ru(µ-Cl)(κ3-PhBP3
Ph)]2 also catalysed this reaction as well as the
related hydrogenation of crotonaldehyde with greater selectivity and under milder condi-
tions than the rhodium species, leading to considerably faster TOFs, and represents one
of the most active and selective ruthenium catalysts reported for these reactions.103
The four-coordinate copper complex [Cu(PPh3)(κ
3-PhBP3
Ph)] was found to be a good
surrogate for the previously described “[CuL(TpMe2)]” systems (TpMe2 = hydro-tris-(3,5-
methylpyrazolyl)borate), as the coordinated phosphine readily dissociates in solution to
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Scheme 1.27: Selective hydrogenation of α,β-unsaturated aldehydes to alcohols
deliver the “[Cu(κ3-PhBP3
Ph)]” subunit into the catalytic cycle.109 The comparative cat-
alytic study between [Cu(PPh3)(κ
3-PhBP3
Ph)] and [CuL(TpMe2)] systems involved (i)
cyclopropanation and cyclopropenation reactions, (ii) insertion of H–C–CO2Et generated
from ethyl diazoacetate into N–H and O–H bonds, (iii) addition of a nitrene unit de-
rived from PhI=NTs across unsaturated hydrocarbons, and (iv) atom-transfer radical
addition (ATRA) and polymerisation (ATRP) reactions (Scheme 1.28). In each case,
[Cu(PPh3)(κ
3-PhBP3
Ph)] showed slightly less but comparable activity to [CuL(TpMe2)],
except during ATRA and ATRP reactions where [Cu(PPh3)(κ
3-PhBP3
Ph)] afforded higher
yields, and lower polydispersity indices, respectively.109
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Scheme 1.28: Scope of comparative catalytic study to compare [Cu(PPh3)(κ
3-PhBP3
Ph)]
with [CuL(TpMe2)] systems
1.4.3 Apical Phosphorus
A rhodium complex was immobilised on silica nanoparticles using MeP+P3
Ph and was
evaluated as a Wilkinson’s catalyst analogue for the hydrogenation of 1-dodecene. The
1.4. Catalytic Applications of Triphos Ligands 39
recyclability of this catalyst was better than expected, with 14 batch cycles being achieved
before conversion no longer reached 100% within 35 hours. Unfortunately, however, a
decolouration to black upon catalytic cycling was observed, and this was attributed to
the formation of nanoparticulate rhodium(0), which was determined to be the active
catalyst.113
1.4.4 Apical Silicon
Complexes featuring silicon-centred Triphos ligands have not been extensively studied for
reactivity or applications, and to the best of my knowledge, no formal catalytic stud-
ies have been reported. Recently however, several molybdenum complexes have been
investigated for the activation of molecular nitrogen.120,121
A series of pseudo-octahedral molybdenum(0) complexes featuring a single coordinated
dinitrogen ligand were synthesised. The remaining five coordination sites are occupied by
a tridentate MeSiP2
RPR
′
ligand as well as a secondary diphosphine. For comparison, three
complexes featuring carbon-centred MeCP3
Ph and MeCP2
PhPiPr were included for com-
pletion.47,141 In total, five triphosphine ligands (Figure 1.22) and two diphosphine ligands
(1,1-bis(diphenylphosphino)methane (dppm) and 1,1-bis(dimethylphosphino)methane (dmpm))
were investigated, and when coordinated in various combinations, generated to nine
unique complexes.120 The extent of nitrogen activation was determined by evaluation
of the N–N stretching frequency obtained from the infrared spectrum of each compound.
It was found that with increasing number of bound dialkylphosphines and with increasing
steric bulk, the N–N stretching frequency was shifted to lower wavenumbers indicating a
weakening of the bond and hence activation (Figure 1.23). The complex that activates
dinitrogen the most (ν¯(N–N) 1932 cm
−1) was [Mo(N2)(dmpm)(κ3-MeSiP2MePiPr)] featuring
five bound dialkylphosphines including a bulky diisopropylphosphino moiety. This appar-
ently simple trend should allow the tuning of molybdenum–phosphine based catalysts for
the activation of nitrogen and subsequent transformation, for example in nitrogen fixation
to ammonia.
1.4.5 Apical Nitrogen
Catalytic hydrogenation reactions pertinent to the work presented within this thesis, in-
cluding the hydrogenation of dimethyl oxalate, as well as the enantioselective hydrogena-
tion of prochiral olefins, are discussed in more detail in Section 4.1.1, and the performance
of NP3
R ligands compared to that of MeCP3
Ph.
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Figure 1.22: Triphosphine ligands used in N2 activation study
Figure 1.23: Correlation of N2 activation and number of alkylphosphine donors in Mo–N2
complexes with pentaphosphine coordination
The activation of allene groups towards nucleophilic attack is becoming a powerful or-
ganic transformation in natural-product synthesis and pharmaceutrical chemistry.26 The
use of the trinuclear C 3-symmetric gold(I) complex [Au3Cl3(µ
3:κ1-NP3
DPP)] was reported
for the asymmetric intramolecular cyclohydroamination of N -protected γ-allenyl sulfon-
amides, in conjunction with silver(I) salts as hydride abstraction agents (Scheme 1.29).32
When silver salts with highly non-coordinating anions were studied for this reaction,
racemic mixtures were obtained, but moving to the slightly more coordinating benzoate
anion (OBn), resulted in high conversions with high enantioselectivities (up to 95% ee).
The reaction time required for complete conversion could be significantly reduced by sub-
stitution of the benzoate anion with the more electron withdrawing para-nitrobenzoate
or 3,5-dinitrobenzoate, but this also resulted in slightly lower stereocontrol. For each
γ-allenyl sulfonamide substrate studied, moving from mono- to bi- to tridentate phospho-
lane ligands (with one, two and three coordinated AuCl units, respectively) gave greater
catalytic activity and enantioselectivity. Aurophilic interactions between gold atoms may
be responsible for this behaviour.32
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Scheme 1.29: Asymmetric cyclohydroamination of N -protected γ-allenyl sulfonamides
Ru–C bonds in cyclometalated complexes are readily cleaved, and thus the bis-cyclo-
metalated ruthenium complex [Ru(κ3P :κ2C-NP3
DPP)] was investigated for reactivity with
both H2 and Ph2SiH2.
34 In the presence of H2, the cyclometalated complex rapidly es-
tablishes an equilibrium between two species featuring both classical and non-classical
hydrides (Scheme 1.30). In the first instance, one Ru–C bond is cleaved and the vacant
coordination site is filled with one hydride, and one dihydrogen ligand. The second, ma-
jor species is formed after cleavage of both Ru–C bonds and their replacement with two
hydrides and a single dihydrogen ligand. The equilibrium between the two compounds
can be shifted by altering the H2 pressure.
34 Interestingly, upon release of the H2 pressure
and after purging with argon, the starting complex, [Ru(κ3P :κ2C-NP3
DPP)], was obtained
quantitatively, indicating complete reversibility of Ru–C bond cleavage.
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Scheme 1.30: Reactivity of [Ru(κ3P :κ2C-NP3
DPP] with H2 and Ph2SiH2
Treatment of [Ru(κ3P :κ2C-P,C -NP3
DPP)] with Ph2SiH2 cleanly afforded the silyl di-
hydrido complex [Ru(η3-H2SiPh2)(κ
3P :κ1C-NP3
DPP)] (Scheme 1.30), where the silane
has inserted into the one Ru–C bond and coordinated to ruthenium in a rare η3-H2Si
binding mode. This silane complex is similar to those featuring PhBP3
Ph described in
Section 1.4.2. Complete oxidative addition of the silane had not occurred, suggesting that
ruthenium complexes with EP3
R-type ligands (E = PhB, N) can efficiently stabilise these
transient species, but whether this is steric or electronic in nature is not certain.34
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1.5 Summary & Outlook
In general, despite the relatively simple and highly adaptable synthetic strategies im-
plemented to generate R′E(CH2PR2)3 ligands, this scaffold remains under-investigated in
comparison to other tripodal ligands. The modular synthesis of each apically derived ana-
logue allows relatively facile substitution of the phosphine moieties encompassing homo-
dialkyl and -diaryl, as well as several hetero-alkyl/aryl examples. This offers an extremely
broad scope of tunability that, if correctly implemented, has been demonstrated to allow
access to a wide range of chemical structures and functionalities.
Coordination studies have, as expected for softer phosphorus donors, predominantly
featured mid to late transition metals, with only a single example being found of main
group complexes. Although only a minor portion of the periodic table has been utilised,
complexes with many oxidation states (M0–MV) and geometries have been isolated and
characterised, including pseudo-tetrahedral species that have a biological relevance as
mimics to structures found in Nature. Common structural motifs are found throughout
the described complexes, including monomeric and dimeric compounds, the latter of which
often contain bridging chlorides. Similar reactivity across different ligand platforms was
also identified, for instance the stabilisation of the η3-H2Si coordination mode with either
boron- or nitrogen-centred ligands, suggesting comparable electronic and steric properties.
This implies that close study and comparison of related systems may lead to intriguing
future opportunities.
1.6 Aims & Chapter Synopsis
This thesis focuses on the synthesis of NP3
R ligands and the subsequent study of their
coordination and catalytic chemistry. In particular tungsten coordination was undertaken
to probe the coordination behaviour. The insight gained from this study were transferred
to the synthesis of appropriate ruthenium complexes for use as hydrogenation catalysts.
The ruthenium complexes targeted all featured NP3
R in a tridentate coordination mode,
as well as two hydride ligands.
The catalysts must be able to maintain activity under high pressures (65 bar H2) and
temperatures (150 ◦C) for extended periods of time (25 hours), as these conditions are
typically required for the hydrogenation of biogenic acids. To achieve this high stability
the ruthenium complexes must be robust, which is most easily achieved through multi-
dentate coordination. The ruthenium complexes will be evaluated for the hydrogenation
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of the biogenic acid levulinic acid, into value-added products. Mechanistic studies into
the catalytic mechanism allowed optimisation of reaction conditions.
Work presented in this thesis is organised as follows:
• Chapter 2 describes the synthesis of novel symmetrical and unsymmetrical NP3R lig-
ands. The coordination of these ligands to tungsten(0) is reported, and the different
coordination modes (κ2 vs. κ3) are discussed. The steric and electronic parametric
relationship between the ligands is established, and used to explain the observed
variation in coordination chemistry, with electronic factors playing a crucial role.
These observations are corroborated through DFT calculations.
• Chapter 3 describes the synthesis and reactivity of ruthenium–NP3R complexes. The
coordination of NP3
Ph and NP3
Cyp to ruthenium(0) and ruthenium(II) precursors
is discussed, building further on the tungsten coordination study in Chapter 2.
Three different ruthenium precursors were utilised, and subsequently converted if
necessary, to install desired functionality.
• Chapter 4 describes the application of selected ruthenium complexes as pre-catalysts
for the selective hydrogenation of levulinic acid to γ-valerolactone, 1,4-pentanediol
and 2-methyltetrahydrofuran. The use of acidic co-catalysts is also discussed, and
stoichiometric and mechanistic investigations were undertaken to elucidate reac-
tion pathways, explaining observed trends. Again, DFT calculations are used to
corroborate the observations.
• Chapter 5 summaries the work presented, highlighting possible areas of future in-
terest.
• Chapter 6 contains all relevant experimental details.
Chapter 2
Ligand Synthesis & Tungsten
Coordination
“Our knowledge can only be finite, while our ignorance must necessarily be
infinite.”
Karl Popper
44
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2.1 Introduction
2.1.1 Comparison of Synthesis and Coordination Chemistry of
R′CP3R and NP3R Ligands
Synthesis
The large number of reports investigating MeCP3
R ligands may be attributed to the com-
mercial availability of MeCP3
Ph; however, the main disadvantage of this ligand is that
the production of derivatives is not facile, hindering more detailed investigations as the
steric and electronic parameters are not easily tuned. The synthesis of MeCP3
R deriva-
tives bearing different substituents on phosphorus requires the generation of highly air-
and moisture-sensitive alkali-metal phosphide reagents (R2PM), where M = Li, Na, K,
from the corresponding phosphine (R2PH) and an appropriate deprotonating reagent (e.g.
nBuLi), before reaction with the trichloride precursor CH3C(CH2Cl)3 (Scheme 2.1A). This
reaction often suffers from low yields due to incomplete substitution of the chlorides.17
Conversely, the generation of a similar family of N-triphos ligands is facile due to its mod-
ular synthesis via an air- and moisture-stable phosphonium intermediate, and subsequent
Mannich reaction with NH3 (Section 2.1.2) as the source of the central nitrogen (Scheme
2.1B).27,142
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Scheme 2.1: Scheme highlighting the synthetic differences between generation of MeCP3
R
and NP3
R ligand derivatives
The greater amenability of NP3
R over MeCP3
R for investigation, especially for cat-
alytic applications, is evident considering the ease with which the local steric and elec-
tronic properties of the phosphine arms can be tuned. Catalytic reactions are known to
be greatly affected by subtle changes around the metal centre; consequently the ability
to carefully modulate local environments should lead to greater catalyst optimisation.
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As previously mentioned, but, despite the greater suitability of NP3
R for academic and
industrial research over carbon-centred analogues, this is not mirrored in the literature.
Several derivatives of the MeCP3 have been reported,
16,20,25 including adaptations to
the phosphine groups, arm lengths and ancillary group. A similar, but slightly less diverse
range of N-triphos ligands have also been reported,26 a testament to the adaptability of
nitrogen-centred scaffold. Many of the same symmetric achiral derivatives that feature
homo di-substituted phosphines have been reported for both the carbon- and nitrogen-
centred ligands (Table 2.1), despite the relative difficulty in synthesising the carbon-
centred ligands.
Table 2.1: Summary of reported ligands of general formula E(CH2PR2)3 where E = N,
CH3C, HC
R = Me Et iPr Cyh tBu Ph m-(CF3)2C6H3
R′CP3R ×
NP3
R × ×
Additionally, “hetero mixed-arm” variations where one phosphinomethyl arm has been
replaced by a pyridyl group, has also been reported for both apical elements;143,144 but
the authors note that an alternative route to synthesise the carbon-centred analogue
would be preferential instead of the “lengthy and somewhat arduous procedure” they
report (Scheme 2.2A).143 Doherty and co-workers143 did attempt another route involving
palladium-catalysed cross-coupling of 2-bromopyridine with diethylmalonate, but this was
unsuccessful. On the other hand, synthesis of the nitrogen-centred analogue is facile by
effective replacement of NH3 in Scheme 2.1B with 2-aminopyridine (Scheme 2.2B).
144–146
Other examples of NP3
Ph derivatives are rare, but there are reports of MeCP3
Ph deriva-
tives that feature either two different substituents per phosphorus (Scheme 2.3),45 or one,
two or three different phosphine moieties per ligand.46,47 These later “homo mixed-arm”
derivatives were synthesised by two methods: either using a precursor with three different
leaving groups to facilitate sequential phosphine substitution (Scheme 2.4)46 or carefully
controlled stoichiometric addition of borane-protected metal phosphides (Scheme 2.5).47
The first method requires multiple steps, several of which need either cooling or consid-
erable heating (130 ◦C),46 while the second method requires problematic purification by
column chromatography, leading to only moderate yields.47
The arm length between the apical atom and the coordinating groups can be altered,
significantly affecting the coordination mode of the ligands. Shortening the arm length
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Scheme 2.5: Synthesis of MeCP3
R derivatives with different phosphine moieties via stoi-
chiometry controlled addition of borane-protected metal phosphide reagents
of MeCP3
Ph leads to ligands of general formula R′C(PR2)3, and often results in cluster
formation, rather than monometallic complexes.20 There has been considerable interest in
N-triphos derivatives with longer ethylene bridges between the apical nitrogen and phos-
phine groups: N(CH2CH2PR2)3 (R = methyl, ethyl, iso-propyl, cyclohexyl or phenyl).
25
The synthesis of these is not as facile as for the methyl bridged NP3
R ligands, as the
Mannich reaction can no longer be exploited. Consequently the ethyl bridged deriva-
tives are synthesised in an analogous method to MeCP3
Ph and its derivatives, namely,
via reaction between the metal phosphide and a trichloride precursor (Scheme 2.6).147–151
Additionally, the tri(chloroethyl)amine precursor is necessarily synthesised using excess
thionylchloride, which is highly toxic.152
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Scheme 2.6: Synthesis of NP3
R derivatives featuring longer ethyl chains between the apical
nitrogen and phosphine coordinating moieties
Although not a great deal of research has focused on the addition of ancillary groups
to the apical nitrogen of NP3
R ligands, which would become positively charged by quater-
nisation, several ancillary groups have been reported for R′CP3R. The tricarbonyl molyb-
denum complex [Mo(CO)3(κ
3-NP3
Ph)] was protonated at the nitrogen by Huttner and
co-workers using HBF4.
28 Through analysis of the carbonyl stretching frequencies of the
protonated and non-protonated complexes, the authors inferred that there was an interac-
tion between the apical nitrogen and molybdenum metal centre; this is striking considering
the two atoms are separated by a distance of over 3.5 A˚.
The carbon-centred Triphos ligands, which naturally feature an ancillary group due
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to the tetravalency of carbon, have been studied in greater detail for ancillary group
derivatisation. Normally, the ancillary group is either a methyl group or proton, but
other derivatives studied include ethyl, benzyl or iso-pentyl groups.16 In further studies,
ether functionalities have been added and were shown not to interfere with the coordina-
tion of the three phosphine arms.153 The methodology to incorporate ether groups was
optimised by Gade and co-workers, who demonstrated that initial metal coordination
and subsequent cleavage was not necessary, by simply adding the phosphine terminating
groups at the end of the synthesis.154 It was envisaged that these ether-alkene/alkyne
moieties could lead to heterogeneously supported catalysts for biphasic reactions. Bipha-
sic catalysis was achieved using a R′CP3Ph derivative that features a charged sulfonate
group at the ancillary position. The synthesis of this derivative termed “sulphos” was
again, not benign, involving sulfonation with hot H2SO4 (Scheme 2.7).
124
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Scheme 2.7: Synthesis of a sulphos ligand
In conclusion, derivatives of both MeCP3
Ph and NP3
Ph that feature different sub-
stituents at phosphorus are known, but these are much more easily generated for the
nitrogen-centred ligands. Other analogues including variations to arm length or identity
of the ancillary groups are known for both ligand types, but these have been more exten-
sively researched for carbon-centred ligands, despite generally requiring relatively difficult
synthetic procedures.
Coordination Chemistry
As may be expected from their structural similarity, the coordination chemistry of MeCP3
R
and NP3
R ligands appears to be remarkably similar. The relatively small number of re-
ported NP3
R complexes precludes a detailed comparison of the coordination chemistry of
the two ligand motifs, but several similar pairs of complexes featuring either R′CP3R or
NP3
R have been reported (Figure 2.1)
Each pair of complexes was synthesised under almost identical conditions, crystallised
and were found to display similar bond lengths and angles.27,28,30,31,33,45,155–158 In all cases,
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Figure 2.1: Pairs of complexes featuring R′CP3R and NP3R ligands
heating was required to obtain tridentate complexes, whereas the corresponding bidentate
complexes were apparently easily formed at lower temperatures. This implies there is a
significant barrier to chelation and coordination of the third arm. For instance the triden-
tate molybdenum complex [Mo(CO)3(κ
3-MeCP3
Ph)] (Figure 2.1) could only be obtained
after heating to >150 ◦C under vacuum for several hours,65,67 or in DMF under reflux for
longer periods (∼16 hours).159 Likewise, the coordination of the nitrogen-centred phospho-
lane NP3
DMP to ruthenium(II) using [Ru(methylallyl)2(cod)] (cod = 1,5-cyclooctadiene)
originally afforded the bidentate species [Ru(methylallyl)2(κ
2-NP3
DMP)] via displacement
of cod. Upon further heating, deprotonation of one methylallyl ligand by the other re-
leases iso-butene, generates trimethylenemethane (tmm) and allows the coordination of
the third arm of NP3
DMP, affording the desired [Ru(tmm)(κ3-NP3
DMP)] (Scheme 2.8).33
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Scheme 2.8: Initial bidentate coordination of NP3
DMP to ruthenium; subsequent heating
allows coordination of the third pendant arm
2.1.2 Mannich Reaction
The classic Mannich reaction is a two step reaction that consists of i) an initial amino
alkylation by reaction of a primarily or secondary amine or ammonia with formaldehyde,
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followed by dehydration to form a Schiff base, and ii) subsequent electrophilic addition of
this Schiff base to the enol form of a carbonyl containing compound to afford a β-amino
carbonyl compound (Mannich base) (Scheme 2.9). Despite great potential, the relatively
low acidity of aldehyde or ketones means that harsh reaction conditions are typically
required, often resulting in undesired side reactions.160 Additionally, early procedures
were limited to the use of formaldehyde as the non-enolisable aldehyde in the formation
of the iminium ion. These issues have been somewhat circumvented through the isolation
of highly reactive enolate surrogates such as silyl enol ethers and ketene silyl acetals.160,161
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Scheme 2.9: Generalised scheme showing the mechanism for the classic Mannich reaction
between an amine, formaldehyde and a carbonyl containing compound to afford a Mannich
base
The Mannich reaction is a powerful C–C bond forming reaction for nitrogen-containing
compounds, and is employed in the synthesis of natural compounds such as peptides, nu-
cleotides, antibiotics (e.g. rolitetracycline) and alkaloids (e.g. tropinone).162 Additionally,
it is also employed in the agrochemical industry for the synthesis of plant growth regula-
tors.163
The phosphorus variation of the Mannich reaction replaces HNR2 in Scheme 2.9 with
HPR2, resulting in formation of a “phosphorus Schiff base”. This species is then able
to react with nucleophiles, e.g. enolates in the classic Mannich reaction. Ammonia can
also be used as the nucleophile, and will successively react with three equivalents of the
“phosphorus Schiff base” to form tertiary amines (Scheme 2.10).
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2.1.3 Other PN & PNP Mixed-Arm Ligand Systems
In section 2.1.1, mixed-arm PPN ligands featuring two phosphine moieties and one pyridyl
group were mentioned, but only those directly analogous to MeCP3
Ph and NP3
Ph were
discussed (Figure 2.2A).143,144 Indeed there are several relevant ligands featuring a mixture
of P- and N-donor moieties that are synthesised using similar synthetic strategies to the
NP3
R ligands, i.e. with a phosphorus-based Mannich reaction.
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Figure 2.2: Ligands featuring both phosphorus- and nitrogen-coordinating moieties syn-
thesised using a phosphorus-based Mannich reaction
The general structure of these alternate PN ligands is shown in Figure 2.2B, all of
which are synthesised starting from parent aminopyridine, or similar precursors with the
desired functionality.144–146,164–169 These ligands have been coordinated to late transition
metals: platinum,145,164 palladium,146,165 silver168 and copper;166 as well as early transi-
tion metals: tungsten144,169 and molybdenum.144,167 The same synthetic strategy has also
been used to synthesise multidentate “ethylenediaminetetraacetate-like” ligands (Figure
2.2C) and study their coordination chemistry with palladium and platinum.170 Upon
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initial complexation, only binding through the phosphine moieties occurred. Chloride
abstraction from the platinum complex did lead to pyridyl coordination, but the process
was fluxional in solution between the four available pyridyl groups.
In most cases, the ligands shown in Figure 2.2 coordinate to transition metals through
the softer phosphine donors rather than the harder nitrogen donors. One report did
observe a mixture of P- and N-coordination using CH3N(CH2PPh2)(C5H4N) as the PN-
ligand. A preliminary kinetic product was observed in which a single PN-ligand was
coordinating to palladium through both the phosphine and pyridyl moieties, but the
subsequent thermodynamic product contained two PN-ligands coordinating to the metal
centre via phosphine moieties only (Scheme 2.11).165 In other cases, the pyridyl groups
were forced to coordinate through ligand abstraction, creating vacant coordination sites
at the metal centre that the nitrogen donors could fill.165,170
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N
N
P
N
Pd
Cl
Cl
thermodynamic product
kinetic product
[PdCl2(cod)]
Ph2
Ph2
Ph2
Scheme 2.11: Kinetic and thermodynamic products upon coordination of a PN-ligand
with palladium, which display different coordination-modes
Mixed-donor chelating ligands with soft and hard donors are more general than the
PN examples already discussed, and continue to attract considerable attention for both
coordination chemistry and catalytic applications.171–174 Although this field is too vast
to be meaningfully summarised in its entirety, one of the most studied examples of such
alternative systems, are tridentate pincer ligands which feature a DED coordination motif,
where D = PR2, NR2, OR, SR and E = B, C, N, O (Figure 2.3).
175,176 Systems where D
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= PR2 and E = N (from a pyridyl moiety) are of particular interest to this thesis. Unlike
tripodal ligands, pincer ligands normally coordinate in a meridional geometry because of
their planar arrangement.
E
D
D
E
D
D'
N
N
D
D
n
n
MLm MLm MLm
D = PR2, NR2, OR, SR
E = B, C, N, O
Figure 2.3: Examples of metal-bound pincer complex architectures
PNP pincer ligands developed by Milstein and co-workers174 were found to be par-
ticularly effective in catalysis, as they display non-innocent behaviour, and actively par-
ticipate within the catalytic cycle as proton/hydride reservoirs during dearomatisation-
rearomatisation steps after heterolytic cleavage of H2 (Scheme 2.12).
177 Ruthenium com-
plexes of these, and other related ligands, have been shown to be extremely versatile and
display high catalytic activity for both the utilisation and generation of molecular hy-
drogen with/from organic substrates. By carefully selecting the ligands and conditions,
the dehydrogenative coupling of alcohols with ammonia leads to primary amines,178 or
with other amines to either amides179 or imines.180 Alcohols could also undergo dehydro-
genative coupling between themselves to afford esters,181,182 acetals,183,184 or pyrroles.185
Other dehydrogenative processes reported include coupling of amines and esters to form
amides with the release of H2,
186 as well as alcohol dehydrogenation to ketones.187
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Scheme 2.12: PNP pincer catalysts developed by Milstein and co-workers and their ‘non-
innocent’ behaviour
The same complexes were found to catalyse the reverse reactions, i.e. hydrogena-
tion reactions.188 Under mild conditions, the hydrogenation of amides back to amines
and alcohols was reported,189 as were various other carbonates to alcohols, in particular
methanol.190 The overall philosophy of the Milstein group was to develop environmentally
benign reactions that release only H2 and H2O.
191
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2.1.4 Triphos Tungsten Complexes
The parent MeCP3
Ph was coordinated to tungsten via reaction of one equivalent of the
triphosphine with [W(CO)6] after heating at 150
◦C for 50 hours, affording the tri-
carbonyl [W(CO)3(κ
3-MeCP3
Ph)] (A).65 Seven-coordinate complexes can be synthesised
from A through oxidative addition. Early examples include protonation with triflic acid
(TfOH) which was done as a calorimetric titration, and used to assess the basicity of
tungsten. The tungsten was found to be much less basic than other tungsten tricar-
bonyl systems, which the authors attributed to the constrained geometry imposed by the
MeCP3
Ph ligand.192–195 Other oxidants reported to react with A include halides afford-
ing [WX(CO)3(κ
3-MeCP3
Ph)][X3] species (where X = Br (B), I (C))
159 and HSiCl2Me.
67
The silane was found to react when irradiated with UV, resulting in carbonyl ejection
and oxidative addition to form [WH(CO)2(SiCl2Me)(κ
3-MeCP3
Ph)] (D).67
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2 X2
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Scheme 2.13: Oxidative addition to [W(CO)3(κ
3-MeCP3
Ph)] affording seven-coordination
tungsten(II) complexes
Several other tungsten complexes featuring MeCP3
R in a bidentate coordination mode
have been reported. In one report, Galindo and co-workers demonstrated chirality at the
metal centre induced by the coordination mode of the triphosphine ligand.196 Hetero- and
homo-nuclear two-dimensional NMR correlation experiments allowed complete spectro-
scopic assignment, and suggested the MeCP3
Me ligand in the complex [W(C2H4)2(PMe3)2-
(κ2-MeCP3
Me)] adopts a skew-boat conformation (Figure 2.4).196 Bengali and co-workers
examined the energetics of chelation of the third arm of MeCP3
Ph after bidentate coordi-
nation to [W(CO)6], affording [W(CO)4(κ
2-MeCP3
Ph)], under photolytic conditions, both
in the absence of and in the presence of CO2 and 1-hexene.
197 The authors observed the
presence of a transient species resulting from association of the alkene prior to chelation
of the third phosphine arm, but no such species was observed in the presence of CO2.
Finally, a hetero mixed-arm variant of MeCP3
Ph featuring PPh2, SPh and OMe coordi-
nating groups was found to bind to tungsten(0) through the phosphorus and sulfur atoms,
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suggesting that coordination through hard donors is less favourable in such complexes.48
W
P
Me3P
Me3P
P C
C
PMe2H2
H2Me2
Me2
Figure 2.4: Skew boat conformation of MeCP3
Me ligand in [W(C2H4)2(PMe3)2(κ
2-
MeCP3
Me)]
As discussed in Sections 1.3.4 and 1.3.6, tungsten complexes of Triphos ligands with sil-
icon or nitrogen apical atoms have also been reported. The silicon-centred EtOSiP3
Ph and
nitrogen-centred NP3
Cyh were both reacted with [W(CO)6] and showed different coordi-
nation behaviour. EtOSiP3
Ph afforded the tridentate complex [W(CO)3(κ
3-EtOSiP3
Ph)]
(E),119 while NP3
Cyh afforded the bidentate species [W(CO)4(κ
2-NP3
Cyh)] (F) (Figure
2.5).29
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Figure 2.5: Different coordination modes of EtOSiP3
Ph and NP3
Cyh in tungsten carbonyl
complexes
2.2 Synthesis of Symmetrical Ligands
A family of symmetrical NP3
R ligands were synthesised, usually via a phosphonium salt
intermediate (Scheme 2.14–Route A). In some cases, the phosphonium intermediate could
not be isolated in high yield, presumably due to its greater solubility in methanol. Conse-
quently these ligands were prepared via an adapted procedure that generates phosphino-
hydroxymethyl compounds in situ before these undergo the same phosphorus-based Man-
nich reaction to afford the desired NP3
R ligands (Scheme 2.14–Route B).
Phosphonium salts 1–4 were synthesised by addition of two equivalents of formalde-
hyde as a degassed 35 wt. % aqueous solution to neat phosphine, followed by addition of
one equivalent of degassed 37% HCl at room temperature. The mixture forms an emulsion
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Scheme 2.14: Series of NP3
R ligands synthesised with different substituents at phosphorus
after addition of formaldehyde but turns homogeneous upon addition of acid and warms
considerably. The solutions were stirred without heating for 30 minutes. Salts 1 and
4 were crystallised by slightly concentrating the reaction mixture in vacuo and treating
with diethyl ether, causing crystallisation overnight. The crystals were isolated via filtra-
tion, washed with diethyl ether and dried in vacuo. Over concentration of the reaction
solution results in precipitation of the phosphonium salts as a white powder, which can
be recrystallised from boiling methanol.
Salts 2 and 3 were isolated and purified, but in significantly lower yields than for 1 or
4. Consequently ligands 6 and 7 were routinely synthesised via Route B in scheme 2.14,
as this led to better yields. Both compounds 2 and 3 were purified by complete removal
of the solvent and sequential washing with diethyl ether and recrystallisation from boiling
acetone, respectively.
Ligands 5–8 were synthesised by addition of excess NEt3 to methanol solutions of
1–4 which were then stirred for one hour at room temperature in order to generate
phosphino-hydroxymethyl species. To complete the reaction, 0.33 equivalents of a 2M
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methanolic NH3 solution was added, and the solution heated under reflux. Ligands 5 and
8 conveniently precipitated from the reaction mixture and were obtained as analytically
pure white powders after washing with methanol and drying in vacuo. Ligand 7 was
also obtained as a white powder by concentrating the reaction solution and storing at
−30 ◦C overnight, causing precipitation that was isolated by cannula filtration, washed
with cold methanol and dried in vacuo. Ligand 6 is a viscous colourless oil which can be
separated from the methanolic reaction mixture by allowing it to stand overnight at room
temperature. The methanol layer was removed by syringe, and subsequently washed with
methanol to yield analytically pure 6. It should be noted that 6 is much more volatile
than the previously mentioned ligands, and will readily evaporate when placed under high
vacuum.
Each NP3
R ligand was characterised by 1H, 13C{1H} and 31P{1H} nuclear magnetic
resonance (NMR) spectroscopy (and 19F NMR spectroscopy where appropriate), high-
resolution mass spectrometry (HRMS) and elemental analysis (EA). The spectra are un-
remarkable for the most part, showing a singlet by 31P{1H} NMR spectroscopy in each
case due to the equivalence of each phosphine arm (Figure 2.6), as well as the expected
resonances by 1H NMR spectroscopy (Figure 2.7). The methylene protons of the CH2
group between the apical nitrogen and phosphine moieties appear as singlets or weak
doublets between δ: 2.75–3.88 ppm.
One interesting feature observed in the 13C{1H} NMR spectrum of 7 was the non-
chemical equivalence of carbons A/A′ and B/B′ in the cyclopentyl rings, while these
were equivalent in the corresponding phosphonium salt 3 (Figure 2.8). If the Newman
projections along the P–CC bonds of both 3 and 7 are considered (Figure 2.9), this
inequivalence is evident from the changes in local environment around each carbon upon
transforming 3 into 7. This chemical inequivalence is also demonstrated by considering
the diastereotopic hydrogens bound to each carbon. Substitution of one hydrogen on a
given carbon with deuterium would result in the formation of two stereocentres, at the
carbon of interest and CC.
In order to synthesise ligands 9–11, the corresponding hydroxymethylphosphino species
that would be generated upon addition of NEt3 to their phosphonium salts, were gen-
erated in situ by simply adding only one equivalent of 35 wt. % aqueous formaldehyde
solution to a solution of phosphine in methanol (Scheme 2.14–Route B). After this hydrox-
ymethylphosphino species had formed, 0.33 equivalents of a 2M methanolic NH3 solution
was added and the solution brought to reflux. Ligand 9 was isolated as a viscous colour-
less oil that showed identical 1H, 13C{1H} and 31P{1H} NMR spectroscopic characteristics
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Figure 2.6: 31P{1H} NMR spectrum of 5 (CDCl3, 162 MHz) as a representative spectrum
of N-triphos ligands
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Figure 2.7: 1H NMR spectrum of 5 (CDCl3, 400 MHz) as a representative spectrum of
N-triphos ligands; asterisk denote grease and residual solvent peaks
2.2. Synthesis of Symmetrical Ligands 60
242526272829303132333435363738394041 δ/ppm
AA'
B
B'
C
C
B
A
N
P
P
P
A
B
C
A'
B'
P+
OH
OH
A
B
C
Figure 2.8: Comparative 13C{1H} NMR spectra of 7 and 3 (CDCl3, 101 MHz)
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Figure 2.9: Newman projections of 3 and 7 to demonstrate chemical inequivalence of
carbons within cyclopentyl rings
to those reported in the literature.31 Novel ligands 10 and 11 were more problematic to
purify due to their high solubility as well as the presence of many side-products in the
crude reaction solution.
Ligand 10 was purified by stirring the crude gummy residue (obtained after removing
the solvent and volatiles in vacuo) in hexane, which eventually precipitated the ligand as
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a white powder, but small impurities were still observed by 31P{1H} NMR spectroscopy
after work-up. Similarly, removal of solvent and volatiles from the crude reaction mixture
of 11 and subsequent washing of the resultant gummy residue in hexane allowed the
ligand to be somewhat purified. Attempts to further purify the compound by column
chromatography failed as almost all the phosphorus containing compounds adhered too
strongly to the silica stationary phase.
Except for ligands 10 and 11, in all other cases the secondary phosphine reagent from
which the NP3
R ligands were synthesised was commercially available. In order to syn-
thesise (m-C6F2H3)2PH and (m-(CF3)2C6H3)2PH, the secondary phosphines required for
10 and 11, a highly robust procedure reported by Busacca and co-workers was imple-
mented.198 The synthetic protocol starts from cheap and commercially available diethyl
phosphite, which is reacted with two equivalents of an appropriate Grignard reagent,
formed in situ by transmetalation of diisopropylmagnesium chloride with the desired bro-
mide precursor (Scheme 2.15). This affords a phosphine oxide compound containing the
desired functional groups. In order to reduce the phosphorus(V) oxide to phosphorus(III),
di-iso-butylaluminium hydride (DIBAL) is added at low temperature with subsequent
stirring at room temperature. DIBAL was found by the authors to be a very useful and
robust reductant for the generation of secondary phosphines, affording the desired product
in high yields and with excellent functional group tolerance.198
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Scheme 2.15: Synthesis of secondary phosphine precursors by DIBAL reduction of corre-
sponding phosphine oxide
Compounds 5–11 were synthesised to investigate both the electronic and steric prop-
erties of the NP3
R ligands. Since these ligands are relatively under-researched, a detailed
and quantified analysis of their coordination behaviour would be beneficial, as it would
be informative to future studies. This may also help with the selective tuning of the steric
and electronic properties for catalytic applications.
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2.3 Synthesis of Unsymmetrical Ligands
The synthesis of unsymmetrical nitrogen-centred ligands with two phosphine and one non-
phosphine “arm”, is synthetically more challenging than their symmetrical analogues. The
difficulty lies in the ability to stop the substitution reaction at nitrogen after only two
“arms” have been added, leaving a secondary amine (12-H) with which a different coor-
dinating moiety can be connected (Scheme 2.16–Route A). Unfortunately, as sequential
alkylations at nitrogen become increasingly favourable due to increased nucleophilicity of
the amine, this is not a viable synthetic route. Attempts to isolate 12-H directly from
the reaction between two equivalents of 1 with one equivalent of NH3 were only partially
successful. If this reaction was performed under reflux then only the tri-substituted lig-
and 5 was obtained. Under more mild conditions, a complex mixture of products was
obtained that could not be separated by column chromatography (alumina/CHCl3).
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Scheme 2.16: General scheme outlining various routes by which unsymmetrical N-apical
ligands could be synthesised
To circumvent this issue, a protecting group (Y) strategy was implemented that would
mono-protect ammonia, allowing selective dialkylation (12-Y), before deprotecting to af-
ford 12-H (Scheme 2.16–Route B). tert-Butyloxycarbonyl (BOC) was selected as the pro-
tecting group as it is commonly used to protect amines, as well as being base-stable and
therefore stable under the Mannich reaction conditions (Scheme 2.17). After protection,199
dialkylation at nitrogen (12-BOC), and deprotection using trifluoroacetic acid (TFA),
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compound 12-H is obtained which can be reacted with an appropriate N-heterocyclic
compound, with the aim to subsequently form a N-heterocyclic carbene (NHC) group
(Scheme 2.17). The N-heterocyclic reagent was synthesised from 1-methylimidazole and
CH2BrCl under reflux (Scheme 2.18). In order to minimise the amount of dimerisation
(from substitution of both halides of CH2BrCl), 1-methylimidazole was added slowly via
syringe pump at a rate of 0.2 mL h−1, but the dimeric species was still produced in ∼16%
yield.200 To purify the mixture, the monomer was extracted with warm acetonitrile. Un-
fortunately, this synthetic strategy did not prove viable due to the presence of inseparable
impurities after dialkylation via the Mannich reaction.
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Scheme 2.17: Unsuccessful synthetic scheme for the synthesis of unsymmetrical PPNHC
ligand (counter ions omitted for clarity)
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Scheme 2.18: Synthesis of NHC precursor component in PPNHC ligand synthesis
Rather than incorporate two phosphine arms to the N-triphos scaffold first, before in-
corporation of a different, third arm (i.e. Scheme 2.17), diamines that already contain one
coordinating moiety were considered. In this way, unsymmetrical ligands featuring two
phosphine groups and one pyridyl group were synthesised using an adapted methodology
from previously reported literature procedures.144,145 Similar to the symmetrical ligands,
dialkyl(hydroxymethyl)phosphonium chloride compounds were treated with NEt3 before
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undergoing a phosphorus variation of the Mannich reaction with an appropriate diamine,
in this case 2-aminopyridine (Scheme 2.19). This method was utilised in an attempted
synthesis of N(CH2P
tBu2)2(C5H4N) (13), but no clean products were obtained. When
phosphines containing cyclohexyl groups were used instead of tert-butyl groups, an un-
symmetrical PPN ligand was successfully synthesised and purified by crystallisation from
dimethylformamide (DMF) in an overall yield of 32% (PPNCyh, 14).
NEt3P+
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R
OH
OH
Cl–
N
NH2
+2
MeOH N
N
PR2
R2P
R = Cyh (14)
R = tBu (13)
reflux, 20 hrs
Scheme 2.19: Synthesis of unsymmetrical PPN ligands
2.4 Coordination to Tungsten(0)
Carbon-centred MeCP3
R usually binds to transition metals through all three phosphine
moieties in a tridentate coordination mode,16,20,25 but occasionally it has also been re-
ported to coordinate in a bidentate fashion.201–211 This change in denticity upon the
interconversion from κ2 to κ3 has significant consequences for the reactivity of the com-
plexes.49,52,128,157,197,212,213 Similarly, NP3
R ligands have been isolated in both bidentate29,30,33
and tridentate coordination modes,28,31 and also display variable reactivity based on this
distinction.30 It would be of interest to assess the coordination of NP3
R ligands, as the
distinction between κ3- and κ2-coordination modes may have similar impacts on the re-
activity of the complexes.
The coordination chemistry of the novel ligands NP3
iPr, NP3
Cyp, NP3
F2Ph and PPNPh
was evaluated by coordination to tungsten(0) precursors, and compared to that of the
parent NP3
Ph. Additionally, the previously reported tungsten complexes of NP3
Cyh (F)
and MeCP3
Ph (A) will be considered to supplement the analysis.29,67 Tungsten hexacar-
bonyl was selected to study the complexation as Group 6 carbonyls are widely used to
react with phosphine ligands via carbonyl displacement, and may be anticipated to form
facially capping tricarbonyl complexes with triphosphines. Furthermore, one naturally oc-
curring isotope of tungsten (183W) is spin-active (abundance ∼14%), allowing phosphine
coordination to tungsten to be easily recognised by 183W-satellites.
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Coordination of NP3
Ph to [W(CO)6] resulted in formation of the expected tricarbonyl
complex [W(CO)3(κ
3-NP3
Ph)] (16) with the triphosphine ligand coordinated in a triden-
tate mode (Scheme 2.20). Although harsh conditions (155 ◦C, 12 hours) were required to
obtain reasonable yields of 16, even under milder conditions (50 ◦C, four hours) and using
the more labile reagent [W(CO)4(pip)2] (pip = piperidine), tridentate coordination is still
observed, albeit as the minor product compared to the corresponding bidentate complex
[W(CO)4(κ
2-NP3
Ph)] (17) (Scheme 2.21). This is evident from the 31P{1H} NMR spec-
trum of the reaction mixture (Figure 2.10) which indicates a mixture of bidentate species
17 that shows phosphorus resonances at δ −2.42 ppm and −29.9 ppm, and tridentate
species 16 that shows a single phosphorus resonance at δ −21.3 ppm. Complex 16 was
found to be present in 7% yield compared to 17 in the reaction mixture, based on the
relative integrations of the corresponding phosphorus resonance peaks. This is exactly the
same coordination behaviour displayed by carbon-centred MeCP3
Ph upon coordination to
tungsten(0).197
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Scheme 2.20: Tridentate coordination of NP3
Ph to [W(CO)6]
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Scheme 2.21: Predominantly bidentate coordination of NP3
Ph to [W(CO)4(pip)2]
Similar to work reported by Huttner and co-workers,28 the accessibility of the lone
pair on the apical nitrogen of NP3
Ph (when all three phosphine moieties are coordinated
to a metal centre) was investigated by protonation. It was found that strong acids were
required to effect protonation such as HCl (pKa −0.4 in DCE) and HBF4 (pKa −10.3 in
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Figure 2.10: 31P{1H} NMR spectrum of reaction mixture between NP3Ph and
[W(CO)4(pip)2] (CDCl3, 162 MHz), showing mixture of κ
3-complex 16 and κ2-complex
17
DCE),214 as weaker proton donors such as NH4PF6 (pKa 6.2 in DCE
∗) did not react with
16 even after heating. Stirring a solution of 16 in CH2Cl2 with excess 48 wt. % aqueous
HBF4 solution at room temperature resulted in protonation of the apical nitrogen and
formation of the cationic complex [W(CO)3(κ
3-HNP3
Ph)][BF4] (18) (Scheme 2.22).
HBF4+ CH2Cl2
RT, 14 hrsW
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18
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Scheme 2.22: Protonation of 16 at the apical nitrogen using HBF4
Spectroscopic characterisation of 18 suggests that electron density has been removed
∗Calculated from pKa value of NH4PF6 in MeCN215 and extrapolated to DCE using a trend calculated
from an investigation of superacids by Leito and co-workers214
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from the tungsten centre relative to 16. This is evident from the downfield shift in the
phosphorus resonance observed by 31P{1H} NMR spectroscopy (Figure 2.11) and the
shift in carbonyl stretching frequencies by infra-red spectroscopy to higher wavenumbers,
while the fingerprint region remains unchanged (Figure 2.12). The net removal of electron
density away from tungsten may be due to the proximity of the metal centre to the
newly generated positive charge, making this electrostatic in nature. Alternatively, as was
suggested by Huttner,28 an interaction between the apical nitrogen and tungsten atoms
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Figure 2.11: The downfield shift in phosphorus resonance by 31P{1H} NMR spectroscopy
upon protonation of 16 (CD2Cl2, 162 MHz)
may exist, and protonation of the nitrogen results in removing the contribution made
to this interaction by the nitrogen lone pair. This interaction cannot be a formal bond
as the two atoms are separated by a distance of over 3.5 A˚ (vide infra). The suggested
interaction appears suspicious however, as the nitrogen sp3 lone pair is pointing away from
the metal centre, and furthermore hexa-coordinated tungsten(0) does not have unoccupied
d -orbitals to accept additional electron density. Nonetheless, long-range interactions may
exist, however unlikely, from nitrogen→ tungsten if sufficient d -p mixing has occurred at
tungsten to generate unfilled orbitals.
NP3
F2Ph, which features meta-difluorophenyl substituents at phosphorus, was found
to coordinate to tungsten(0) in a similar fashion to NP3
Ph. Reaction of NP3
F2Ph with
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Figure 2.12: The shift in carbonyl stretching frequencies by infra-red spectroscopy upon
protonation of 16
[W(CO)6] at 155
◦C for 13 hours afforded the tridentate complex [W(CO)3(κ3-NP3F2Ph)]
(19) exclusively; but reaction under milder conditions (55 ◦C, five hours, [W(CO)4(pip)2])
afforded a mixture of bi- and tridentate complexes, [W(CO)4(κ
2-NP3
F2Ph)] (20) and 19,
respectively, in a ratio of 22:3 (20:19). The similarity in reactivity between NP3
Ph and
NP3
F2Ph was surprising given the increased steric demand of NP3
F2Ph (vide infra), as
previous reports had suggested that coordination of NP3
R ligands was controlled by the
steric requirements of the ligand. Increasing the steric bulk further by replacement of the
fluorine atoms in NP3
F2Ph with CF3 groups in ligand 11 did not just prohibit tridentate
coordination over a bidentate mode, but actually prevented any coordination, even under
forcing conditions. This was reasoned to be primarily due to the significantly reduced
basicity of the phosphorus lone pair due to the electron withdrawing effects of the two CF3
groups (vide infra). Unfortunately, meta-dimethylphenyl analogues were not synthesised,
but it would be of great value to assess the coordination behaviour of these ligands, as
they could be directly compared to NP3
F2Ph and NP3
Ph. The meta-dimethylphenyl would
be expected to coordinate in a bidentate fashion to tungsten(0).
The ligands with dialkyl substituents NP3
iPr and NP3
Cyp showed different coordi-
nation chemistry than the aryl ligands NP3
Ph and NP3
F2Ph, with bidentate complexes
21 and 22 being formed exclusively (Scheme 2.23). Attempts to convert complexes 21
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and 22 into their corresponding tridentate analogues via carbonyl ejection by heating
in high-boiling solvents such as propylene carbonate (b.p. 242 ◦C), decaline (b.p. 187–
196 ◦C) or DMSO (b.p. 189 ◦C) were unsuccessful; forming at best trace amounts of
the desired complexes which could not be isolated due to significant decomposition to
“tungsten black”. In a typical experiment, the solution or suspension of the tungsten
complex was heated to 150 ◦C for two hours and analysed by 31P{1H} NMR spectroscopy.
At this stage the reaction mixture would contain predominantly the bidentate starting
material, as well as small amounts of tridentate complex and another bidentate species
whose pendant phosphine arm had undergone oxidation, typically in an approximate ratio
of 1:3:12 (κ3-complex:κ2-complex with oxidised pendant arm:κ2-complex) (Figure 2.13).
The oxidant for this oxidation process was present due to either adventitious H2O or
decomposition of the solvent. Continued heating at temperatures between 100–195 ◦C
resulted in either complete decomposition of the complexes to “tungsten black” or con-
version to the previously mentioned κ2-complex with oxidised pendent arm. When 22 was
heated in DMSO for 38 hours between 100–150 ◦C, the bidentate species [W(CO)4(κ2P -
{N(CH2PCyp2)2(CH2P(O)Cyp2)})] (23) was isolated and no traces of the desired triden-
tate complex were detected (Scheme 2.23).
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Scheme 2.23: Exclusive bidentate coordination of NP3
iPr and NP3
Cyp to [W(CO)6]
The previously reported bidentate tungsten(0) carbonyl complex of NP3
Cyh was also
unable to satisfactorily be converted to the tridentate analogue.29 Consequently, the mixed
arm ligand PPNCyh was investigated as replacement of one bulky dicyclohexyl arm with a
sterically smaller pyridyl group may allow tridentate coordination. Unfortunately, upon
reaction of PPNCyh with [W(CO)6], only the bidentate species [W(CO)4(κ
2P -PPNCyh)]
(24) was isolated, which features PPNCyh coordinating through both phosphine arms,
leaving the pyridyl group pendant. Attempts to force CO ejection and pyridyl coordi-
nation by heating crystals of 24 in a sealed ampule under static vacuum at 150 ◦C for
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Figure 2.13: Representative 31P{1H} NMR spectrum of reaction mixture after heating
either 21 or 22 in DMSO at 150 ◦C for two hours (d6-DMSO, 162 MHz, 100 ◦C), showing
mixture of κ3-complex, κ2-complex with oxidised pendant phosphine and κ2-complex
23 hours failed. Qualitatively, a black powder was observed after heating (presumably
“tungsten black” from decomposition) and NMR spectroscopy analysis of the remaining
pale yellow crystals only showed starting material. It appears heating under vacuum
results only in decomposition without chelation of the pyridyl group.
These observations qualitatively suggest that the steric encumberment of the ligands is
not as controlling of the coordination behaviour of NP3
R ligands as previously reported,29
but rather it is the relatively more electron-donating phosphines that preclude coordina-
tion of all three arms. Section 2.5 deals with quantification of the steric and electronic
parameters of NP3
R ligands, and expands upon these observations.
2.4.1 Crystal Structures of Tungsten Complexes
Crystals of complexes 16, 18, 19 and 21–24 suitable for X-ray diffraction experiments
were grown. The crystallisation methods and crystal data for the seven crystal structures
can be found below in Table 2.2, complexes 21 and 24 crystallised as two crystallograph-
ically independent complexes (21-A, 21-B, 24-A and 24-B). Two separate samples of
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complex 19 were analysed by X-ray diffraction experiments, and were found to crystallise
in different space groups. Crystals grown from the synthesis of 19 starting from NP3
F2Ph
and [W(CO)6], and recrystallised from boiling CHCl3, crystallised in the monoclinic P21/n
space group. The second crystal sample was grown directly from a reaction solution after
attempts to protonate the apical nitrogen in a sample of 19 using Me3OBF4 were un-
successful. These were crystallised by layering diethyl ether onto a concentrated CD2Cl2
solution containing both 19 and Me3OBF4, and were found to crystallise in the triclinic
P1¯ space group.
Table 2.2: Crystallisation methods and space groups for complexes 16, 18, 19 and 21–24
Complex Crystallisation Method Space Group
16 Layer methanol over a saturated CHCl3 solution P21/n
18 Layer diethyl ether over a saturated CH2Cl2 solution Pnma
19 From a saturated CHCl3 solution P21/n
21 Layer methanol over a saturated CHCl3 solution P21/c
22 Layer methanol over a saturated CHCl3 solution Pna21
23 Slow evaporation of a saturated DMSO solution in air Pna21
24 Layer methanol over a saturated toluene solution P21/c
Figure 2.14 illustrates two of the crystal structures (16 and 18). The complexes have
hexa-coordinate tungsten centres with distorted octahedral coordination geometries, with
the phosphine substituents in a propeller-like arrangement. The bond lengths and angles
for all crystal structures are within the range expected for octahedral tungsten(0) carbonyl
complexes.159,197 Selected key bond lengths and bond angles for the crystal structures of
16 and 18 are shown in Table 2.3.
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Figure 2.14: The crystal structures of 16 (left) and 18 (right) with hydrogens around the
phenyl rings and methylene carbons, and BF4 anion omitted for clarity
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Table 2.3: Comparative selected bond lengths (A˚) and angles (◦) for complexes in crystals
of 16 and 18. For full data see appendix A
Bond Length (A˚) 16 18 Bond Length (A˚) 16 18
W(1)–P(3) 2.5176(10) 2.507(3) W(1)–C(45) 1.972(4) 1.985(10)
W(1)–P(5) 2.5380(10) 2.488(3) W(1)–C(46) 1.985(4) 2.003(10)
W(1)–P(7) 2.5145(9) 2.508(3) N(1)–C(2) 1.448(4) 1.514(13)
W(1)–N(1) 3.619(3) 3.657(8) N(1)–C(4) 1.446(5) 1.502(12)
W(1)–C(44) 1.965(4) 1.988(10) N(1)–C(6) 1.469(4) 1.526(13)
Bond Angle (◦) 16 18 Bond Angle (◦) 16 18
P(3)–W(1)–P(5) 87.83(3) 86.66(9) P(5)–W(1)–C(46) 98.99(10) 95.0(3)
P(3)–W(1)–P(7) 84.67(3) 86.13(8) P(7)–W(1)–C(44) 97.84(11) 93.7(3)
P(5)–W(1)–P(7) 81.64(3) 81.45(8) P(7)–W(1)–C(45) 94.43(10) 95.4(3)
P(3)–W(1)–C(44) 175.72(11) 178.4(3) P(7)–W(1)–C(46) 175.72(11) 175.9(3)
P(3)–W(1)–C(45) 91.11(11) 94.7(3) C(44)–W(1)–C(45) 85.26(15) 83.8(4)
P(3)–W(1)–C(46) 91.11(11) 95.7(3) C(44)–W(1)–C(46) 86.33(15) 84.6(4)
P(5)–W(1)–C(44) 95.95(11) 94.8(3) C(45)–W(1)–C(46) 84.88(14) 88.0(4)
P(5)–W(1)–C(45) 176.00(10) 176.5(3)
Examination of the W–N distances from the crystal structures of 16 and 18 shows that
there is a statistically significant difference between the protonated and non-protonated
complexes, up to a 3σ level of confidence. The W–N distance in the non-protonated
complex 16 is shorter by 0.038 A˚ than that in the protonated 18. This again tentatively
suggests that prior to protonation of the nitrogen, there may be an interaction between
the metal and nitrogen atoms, which may contribute in determining the coordination
mode of NP3
R ligands. A similar elongation in the three N–C bonds is observed upon
protonation of 16, which are stretched by 0.060 A˚ on average. This is also reliable to up
to a 3σ level of confidence, indicating that some extra interaction between the nitrogen
and carbons may also be present in 16, but diminished in 18. The average C–O bond
distance in the carbonyl ligands of the two crystal structures is also different, however this
difference cannot be described to the same level of confidence as the W–N distance. On
average, the C–O bond distance of the non-protonated complex 16 is longer, suggesting
more back-donation from the metal and consequently a weakening of the C–O bonds.
Despite changes in W–N and N–C distances proving to be statistically different upon
protonation of 16, these observations are not necessarily due to fundamental changes in
the bonding structure of the complexes. Instead, they may be a result of incorporation
of a positively charged species in the ligand scaffold, affecting the local environment via
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electrostatic interactions, or simply due to crystal packing effects. In fact, strong crys-
tal packing effects are observed in the crystal structure of the dimeric ruthenium species
36[BPh4] (vide infra), which by NMR spectroscopy is shown to be completely symmet-
rical, but crystallised as two asymmetric halves. Consequently, inferences drawn from
analysis of crystal structures cannot be made definitively, and may be entirely circum-
stantial.
2.5 Analysis of Physical Parameters
2.5.1 Steric Parameters
The steric parameters of NP3
R ligands 5–8 and 10 as well as MeCP3
Ph (15) were evaluated
through analysis of the cone angles formed when these ligands coordinate to metal centres,
using both published crystal structures and those obtained during the work described
herein.28,29,31,33,159,197 In total 41 unique crystal structures containing either κ2- or κ3-
coordinated NP3
R ligands were analysed and their cone angles calculated using both the
Tolman3 and Mingos5 methods. Table 2.4 summarises the calculated values and similar
to other phosphine ligands, the crystallographically calculated cone angles were found to
be smaller than those predicted by the Tolman cone angle.4 Prior to undertaking these
calculations, each M–P bond length in each crystal structure was normalised to 2.28 A˚
for consistency and comparative purposes to previously reported phosphine cone angles.3
The Tolman cone angles (ΘTolman
NP3R
) were calculated using Equation 2.1:
ΘTolmanNP3R =
2
3
(
θPR3 + θ〈NMP〉
)
(2.1)
where θPR3 is the previously reported Tolman cone angle for the corresponding PR3 ligand
and θ〈NMP〉 is the mean average NMP angle (or half the average bite angle). One issue with
this method is that it requires Tolman cone angles to be reported for each corresponding
PR3 ligand, but these have not been calculated for P(m-C6F2H3)3 (corresponding to
NP3
F2Ph) or PCyp3 (corresponding to NP3
Cyp), and consequently these were estimated at
150 ◦ and 165 ◦, respectively.
The “Mingos cone angles” (ΘMingos
NP3R
) were calculated only using data taken directly
from the crystal structures. Each NP3
R ligand was considered separately, and the largest
θi/2 value for each substituent moiety (i) on each phosphine was found using Equation
1.2 (Section 1.1.2). The cone angle around each coordinated phosphine for a specific NP3
R
ligand (ΘMingosPR ) was then calculated using Equation 2.2:
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Table 2.4: Summary of Tolman and Mingos cone angles and bite angles for NP3
R ligands
and MeCP3
Ph
Ligand
Number of
Phosphines Analysed
Tolman Cone
Angle (◦)
Mingos Cone
Angle (◦)
Bite
Angle (◦)
NP3
Ph (5) 45 134 130 92
MeCP3
Ph (15) 5 133 126 97
NP3
F2Ph (10) 9 139 132 95
NP3
iPr (6) 7 141 131 93
NP3
Cyp (7) 20 142 135 96
NP3
Cyh (8) 16 149 135 103
ΘMingosPR =
2
3
(
2∑
i=1
θimax/2 + θNMPi
)
(2.2)
where θimax/2 is the maximum θi/2 value for each substituent moiety on each phosphine
and θNMPi is the NMP angle for substituent i. The overall Mingos cone angle for a specific
NP3
R ligand, ΘMingos
NP3R
, was found by calculating the mean average for all individual phos-
phine Mingos angles, ΘMingosPR , across all complexes (N) featuring that ligand (Equation
2.3).
ΘMingos
NP3R
=
N∑
PR=1
ΘMingosPR /N (2.3)
The Mingos cone angles will primarily be considered, as these give the best description
of the overall steric properties of the ligands across different coordination geometries and
environments, as well as coordination to different metal centres. The calculated values
show that the steric bulk increases in the order MeCP3
Ph < NP3
Ph < NP3
iPr < NP3
F2Ph
< NP3
Cyp ≈ NP3Cyh. This order is as expected and mostly unremarkable, except for the
similarity in the steric properties of NP3
Cyp and NP3
Cyh, as intuitively the latter should
be more encumbering. To the nearest whole number these ligands can be approximated
to have the same cone angle, but considered more precisely, NP3
Cyp and NP3
Cyh have
cone angles of 135.0◦ and 134.8◦, respectively. This degree of accuracy is not meaningful
however, since some of the assumptions that were made for the calculations (for instance
the van der Waals radius of hydrogen for the determination of θimax/2), prohibit the
reporting of cone angles to four significant figures.
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2.5.2 Electronic Parameters
Two different methods were used to assess the electronic parameters of ligands 5–8, 10
and 15. Firstly, the traditional indicator of phosphine electron-donation ability using
carbonyl stretching frequencies across a series of carbonyl complexes (in this case tung-
sten). And secondly, the magnitude of the phosphorus-selenium coupling constants for
the corresponding phosphine selenides.6,12–14
The tungsten complexes 17, 20–22 and the previously reported [W(CO)4(κ
2-NP3
Cyh)]
(F)29 and [W(CO)4(κ
2-MeCP3
Ph)] (25)197 were evaluated as they all contain the triphos-
phine ligand in a κ2-coordination mode. The symmetrical CO stretching frequency (ν¯CO)
of each complex was identified, allowing basicity to be determined from the reciprocal
of ν¯CO (1/ν¯CO = BCO). The phosphine selenides were prepared by shaking a solution of
the desired ligand in CDCl3 with an excess of elemental selenium and filtering through
a small pad of celite. The 1J PSe-coupling constant was determined by
31P{1H} NMR
spectroscopy and the basicity determined from its reciprocal (1/1J PSe = BSe). Table 2.5
summarises the absolute values for ν¯CO, BCO,
1J PSe and BSe, as well as the normalised
basicity values for ease of comparison.
Table 2.5: Summary of phosphine basicity using carbonyl stretching frequencies (BCO)
and 1JPSe-coupling constants (BSe)
Ligand
ν¯CO
(cm−1)
BCO
Normalised
BCO
1JPSe
(Hz)
BSe
Normalised
BSe
NP3
F2Ph (10) 1937 0.000516 1.00 755 0.00132 1.00
NP3
Ph (5) 1930 0.000518 1.00 718 0.00139 1.05
MeCP3
Ph (15) 1915 0.000522 1.01 714 0.00140 1.06
NP3
iPr (6) 1894 0.000528 1.02 685 0.00146 1.10
NP3
Cyp (7) 1887 0.000530 1.03 683 0.00146 1.11
NP3
Cyh (8) 1878 0.000532 1.03 679 0.00147 1.11
By comparing the normalised BCO and BSe values, it can be observed that both quan-
tification systems show the same overall trend, i.e. the ligands can be arranged NP3
F2Ph
< NP3
Ph < MeCP3
Ph < NP3
iPr < NP3
Cyp ≈ NP3Cyh from least to most basic. One differ-
ence to note is that the BCO values predict the basicity of the phosphorus lone pairs to be
similar, since the normalised BCO values have a range of only 0.03, while the normalised
BSe values range is over 0.11. From experimental observations, ligands NP3
iPr, NP3
Cyp
and NP3
Cyh have coordination chemistry that differs from NP3
Ph and NP3
F2Ph; this is not
likely to be sterically controlled. Therefore it appears that BSe more reliably describes
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the lone pair basicity of NP3
R ligands, as it shows a more pronounced change (∆BSe[5–6]
= 0.05) in basicity between the two groups of ligands, compared to BCO (∆BCO[5–6] =
0.02).
A plot of Mingos cone angles against BSe (Figure 2.15) allows the evaluation of both the
steric and electronic parameters of the NP3
R ligands (and MeCP3
Ph for comparison). The
ligands can be grouped into three sets based on their steric properties: small (NP3
Ph and
MeCP3
Ph), moderate (NP3
iPr and NP3
F2Ph) and large (NP3
Cyp and NP3
Cyh). Within these
sets, the sterically small and large ligands also have similar electron-donation abilities,
but the moderately bulky ligands have distinctly different phosphine lone pair donating
abilities with NP3
F2Ph being significantly less Lewis basic than NP3
iPr. Comparing the
coordination behaviour of NP3
iPr and NP3
F2Ph with [W(CO)6] (Section 2.4) illustrates
the significance of phosphine basicity in the ability for all three phosphine moieties to
coordinate to a metal centre. Namely, more electron-donating NP3
R ligands are less
likely to coordinate in a tridentate mode (in tungsten(0) carbonyl complexes).
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Figure 2.15: Plot of steric and electronic parameters of NP3
R ligands and MeCP3
Ph using
calculated Mingos cone angles and phosphorus lone pair basicity based on phosphorus–
selenium J -coupling constants
2.6 Density Functional Theory Analysis
Experimental observations in conjunction with calculated ligand steric and electronic
properties suggest that tridentate coordination of NP3
R ligands is not sterically controlled,
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but rather, determined by the overall electronics of the complex. Additionally, protonation
of the apical nitrogen of NP3
Ph in complex 16 and subsequent spectroscopic characteri-
sation suggests some form of electronic communication exists between the nitrogen and
metal centre. A similar interaction was also suggested for the corresponding molybdenum
complex.28 To gain further insight into the electronic nature of [W(CO)x(EP3
R)] type com-
plexes, density functional theory calculations were performed using Gaussian09 on nine
different examples featuring both bidentate and tridentate species, as well as with carbon-
and nitrogen-centred triphosphines. Complexes 16–18, 22, [W(CO)3(κ
3-NP3
Cyp)] (26)
and [W(CO)3(κ
3-HNP3
Cyp)]+ (27) featuring NP3
R ligands; and [W(CO)3(κ
3-MeCP3
Ph)]
(A), [W(CO)4(κ
2-MeCP3
Cyp)] (28) and [W(CO)3(κ
3-MeCP3
Cyp)] (29) were studied to
this end (Figure 2.16).
W
R2P
E
PR2
CO
OC CO
PR2
E = N
W
OC
E
PR2
CO
OC CO
PR2
PR2
W
R2P
N+
PR2
CO
OC CO
PR2
R = Ph
R = Cyp
E = CH3C R = Cyp
(17)
(28)
(22)
E = N R = Ph
R = Cyp
E = CH3C R = Ph
(16)
(26)
H
R = Cyp (29)
R = Ph
R = Cyp
(18)
(27)
(A)
Figure 2.16: Complexes studied using density functional theory calculations
Crystal structures obtained from single crystal X-ray diffraction experiments of com-
plexes 16, 18, 22 and A159 were used as starting points for the calculations. Each
structure was first optimised using B3LYP as the functional, MWB60 as the basis set and
pseudo-potential for tungsten and 6-31G* as the basis set for all other atoms. The struc-
tures were energy minimised until all optimisation criteria were achieved, and frequency
analysis of the optimised structures confirmed a true minimum energy structure by the
absence of imaginary frequencies. The calculations allowed visualisation of the molecular
orbitals (MOs) for each species and NBO analysis gave insight into the bonding of the
complexes.
Comparing the calculated energies across the series of complexes suggests they can be
grouped into four categories: i) bidentate complexes with phenyl phosphine substituents,
ii) tridentate complexes with phenyl phosphine substituents, iii) bidentate complexes with
cyclopentyl phosphine substituents and finally, iv) tridentate complexes with cyclopentyl
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phosphine substituents (Table 2.6). Graphically, this grouping is evident when the zero-
point energy corrected ground-state energy (∆EE0+ZPE) is plotted in order of increasing
energy differences (Figure 2.17).
Table 2.6: Calculated energies of complexes studied by density functional theory calcula-
tions
Complex ∆G ∆H T∆S ∆ZPE ∆E0 ∆EE0+ZPE
(kJ
mol−1)
(kJ
mol−1)
(kJ
mol−1)
(kJ
mol−1)
(kJ
mol−1)
(kJ mol−1)
[W(CO)4(κ
2-NP3
Ph)] (17) 0 0 0 0 0 0
[W(CO)3(κ
3-MeCP3
Ph)] (A) 236536 236512 −24 87 236430 236517
[W(CO)3(κ
3-HNP3
Ph)]+ (18) 296632 296604 −28 21 296591 296612
[W(CO)3(κ
3-NP3
Ph)] (16) 297588 297559 −29 −18 297586 297567
[W(CO)4(κ
2-MeCP3
Cyp)] (28) 501898 501916 18 754 501153 501907
[W(CO)4(κ
2-NP3
Cyp)] (22) 562929 562938 9 648 562284 562932
[W(CO)3(κ
3-MeCP3
Cyp)] (29) 799485 799469 −16 736 798732 799468
[W(CO)3(κ
3-HNP3
Cyp)]+ (27) 859593 859572 −20 672 858904 859575
[W(CO)3(κ
3-NP3
Cyp)] (26) 860532 860509 −24 631 859881 860512
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Figure 2.17: Graphical representation of ∆EE0+ZPE in ascending order
It is unknown why the calculated energy differences are so large, as each structure was
successfully energy minimised to the same level of theory. Repeating these calculations
to a higher level of theory may more reliably reflect the true energy differences between
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the structures. Analysis of the calculated energies suggest changing the substituents on
phosphorus from phenyl to cyclopentyl groups dramatically decreases the thermodynamic
stability of the complexes (>500,000 kJ mol−1), and changing the apical group from a
CH3C moiety to a nitrogen atom, also destabilises the complexes (>61,000 kJ mol
−1). As
expected, the calculated entropic energies of the bidentate species are greater than the
corresponding tridentate species, due to the pendent phosphine arm.
Visualisation of the HOMOs for complexes 16–18, 22, 26–29 and A suggest the
HOMO contains a continual channel of electron density between the nitrogen and metal
centre. This channel appears to originate from atomic orbitals of p and d z2 parentage,
respectively, and can be seen in Figure 2.18 showing complexes 16 and 26. This inter-
action is lost upon changing the coordination mode (Figure 2.19A), protonation of the
nitrogen (Figure 2.19B) or substitution of the nitrogen with carbon (Figure 2.19C).
16! 26!
Figure 2.18: Contour map of HOMOs for complexes [W(CO)3(κ
3-NP3
Ph)] (16) and
[W(CO)3(κ
3-NP3
Cyp)] (26) showing overlap of nitrogen and tungsten based orbitals
17 18 A 
A B C 
Figure 2.19: Contour map of HOMOs for complexes (A) [W(CO)4(κ
2-NP3
Ph)] (17), (B)
[W(CO)3(κ
3-HNP3
Ph)]+ (18) and (C) [W(CO)3(κ
3-MeCP3
Ph)] (A)
The nature of the N–W interaction was assessed by NBO analysis, which suggests (as
expected) no classical bond exists between the two atoms. This is reasonable considering
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the interatomic distance is >3.5 A˚, which is much larger than the sum for both covalent
radii (2.05 A˚).216 Despite no formal bond between nitrogen and tungsten, NBO analysis
provides insight into the nature of other bonds within the complex that might affect
the proposed N–W interaction. Firstly, the W–P bonds were considered, and evaluation
of the atomic based orbitals from each atom that contribute to the bond show that
tungsten’s contributing hybrid orbital mainly consists of p-character (52.58%), rather
than d -character (32.59%) as might be expected. This suggests there is considerable d-p
mixing on tungsten, which may explain how the metal is able to accept additional electron
density, formally increasing its electron count beyond an 18-electron complex.
Secondly, the second order perturbation theory analysis was considered for each com-
plex. This gives an estimation of donor-acceptor (bond-antibond) interactions in the NBO
basis and the energy by which these interactions stabilise the complex overall (E(2)). For
complexes 16 and 26 this analysis shows that in both cases, the nitrogen lone pair is
primarily interacting with each of the three flanking C–P σ* bonds from the triphosphine
ligand scaffold uniformly (Figure 2.20). Each of these interactions stabilise complexes 16
and 26 by ∼46 kJ mol−1 and 50 kJ mol−1, respectively. These interactions are supported
from crystallographic data, which shows a increase in all three N–C bond lengths upon
protonation of nitrogen, but this may also be due to the newly formed positive charge.
OC
N
PR2
W
COOC
R2P PR2
Figure 2.20: Proposed significant interactions of nitrogen-centred lone pair with C–P σ*
bonds
These interactions may partially explain the apparent electronic communication be-
tween the nitrogen and tungsten atoms. If the nitrogen lone pair is delocalised into the
flanking C–P σ* bonds, then the metal will be less able to back donate to phosphorus,
as the C–P σ* bonds are used as pi-acceptor orbitals. Upon protonation of the apical
nitrogen, the N → C–P σ* interaction is severed, strengthening the C–P σ bond. This
will increase the basicity of the phosphine lone pair, which will now be able to coordinate
more strongly to tungsten through stronger σ donation. A stronger σ donation would be
expected to shift the phosphorus NMR resonance downfield, which parallels what is ob-
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served by 31P{1H} NMR spectroscopy. Furthermore, as the N → C–P σ* interaction was
prohibiting any tungsten–phosphorus backbonding, protonation of nitrogen would result
in increased back donation to phosphorus, and in tandem reducing back donation to the
carbonyl ligands. This would manifest spectroscopically as an increase in CO stretching
frequencies, which again parallels what is observed by IR spectroscopy. Therefore it ap-
pears that the apparent N→W interaction is not due to direct orbital overlap, but rather
mediated via increasing/decreasing the nitrogen interaction with the three flanking C–P
bonds of the NP3 ligand scaffold.
The methods of analysis discussed above have some caveats, which preclude their abil-
ity to completely and accurately describe the interatomic interactions occurring within
the complexes under investigation. The NBO analysis especially, simplifies orbital inter-
actions into well defined “Lewis structure-like” descriptions, and is known to inaccurately
describe longer range interactions. Consequently, other more appropriate methods such
as the Quantum Theory of Atoms in Molecules (QTAIM) analysis could be undertaken to
further understand potentially strong long distance interactions within these complexes,
and the role they play in bonding and reactivity.
2.7 Summary & Outlook
A series of symmetrical nitrogen-centred triphosphine ligands based on the Triphos ligand
scaffold (5–11) have been synthesised and fully characterised. These were synthesised via
two similar procedures, one involving the isolation of intermediary phosphonium salt pre-
cursors (1–4), but this was not viable for all ligands. One unsymmetrical ligand featuring
two dicyclohexylphosphine moieties and one pyridyl group (14) was also synthesised via
an adapted procedure to that utilised for the synthesis of symmetrical analogues.
The coordination chemistry of ligands 5–11 and 14 was assessed by coordination to
tungsten(0) precursors. In general, tridentate coordination of the NP3
R ligands required
fairly forcing conditions, and electronic factors (rather than sterics) were found to play a
key role in determining the coordination mode. Less electron-donating diaryl phosphines
were found to coordinate in a tridentate mode regardless of their steric bulk, while more
electron-donating dialkyl phosphines predominantly formed bidentate species.
Analysis of the steric and electronic parameters of the NP3
R ligands via several differ-
ent methods allowed the quantification of these physical attributes. Average cone angles
for the ligands were calculated using crystallographic data obtained from 41 unique crys-
tal structures in conjunction with an algorithm proposed by Mingos and co-workers.5 The
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Lewis basicity of the phosphorus lone pair was assessed using both carbonyl stretching
frequencies across a series of tungsten complexes, and by phosphorus-selenium coupling
constants from obtained from the 31P{1H} NMR spectra of phosphine-selenide derivatives
of each ligand.
Protonation of the apical nitrogen in the tridentate complex [W(CO)3(κ
3-NP3
Ph)] (16)
resulted in significant changes to both the IR and 31P{1H} NMR spectra, suggesting elec-
tronic communication between the nitrogen and metal centre might exist. Density func-
tional theory calculations were used to assesses the electronic structure of nine different
tungsten complexes featuring triphosphine ligands in both bi- and tridentate coordination
geometries, as well as containing either nitrogen- or carbon-centred ligands. The calcu-
lations qualitatively suggested a favourable overlap between the nitrogen lone pair and a
tungsten centred orbital may be present, but subsequent bonding analysis suggested no
formal bond exists between the two atoms. Instead, the electronic communication is a
manifestation of an increase/decrease in the N → P–C σ* interaction.
In general, NP3
R ligands were shown to display interesting coordination chemistry,
with factors beyond the simple size of the ligand affecting bonding and reactivity. These
encouraging observations suggest further investigation of the reactivity of NP3
R ligands is
desirable, as new catalytic avenues may be realised through chemistry uniquely associated
with this scaffold. The apical nitrogen that initially appears to be innocent, may in fact
directly affect the chemistry of these ligands, in both stoichiometric and catalytic activity.
Chapter 3
Ruthenium Coordination
“If we knew what we were doing, it would not be called research, would it?”
Albert Einstein
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3.1 Introduction
3.1.1 Ruthenium Complexes
A great variety of ruthenium complexes have been prepared, a testament to the metal’s
versatility and wide range of applications.217–224 Ruthenium also displays a range of re-
activity, including high Lewis acidity, low redox potentials and the ability to stabilise
reactive metallic species such as oxometals, metallacycles and metal carbene complexes.
Uniquely within Group 8, ruthenium does not have a doubly occupied valent s-orbital,
making its electronic configuration [Kr]4d75s1, and it also shows the widest range of oxida-
tion states (from −2 valent in [Ru(CO)4]2− to +8 in [RuO4]) of all elements of the periodic
table.217 This unique electronic configuration is a result of less electronic repulsion be-
tween 4d -electrons, due to its relatively large size compared to the 3d -orbital. Typically
this electron-electron repulsion in 3d -electrons would force them into the higher energy
4s orbital, but this is not the case in 4d/5s systems. On the other hand, osmium retains
an electronic configuration similar to iron: [Xe]5d66s2. This is potentially rationalised by
an increase in full-shell stability obtained from completing the 6s-orbital. The most com-
mon oxidation states for ruthenium are 0, +2 and +3, and the most prevalent precursor
for subsequent complex formation is the ruthenium(III) chloride compound RuCl3·nH2O.
This red solid is poorly defined chemically, but highly versatile synthetically (Scheme
3.1).217
RuCl3 nH2O RuCl2(PPh3)3
Ru3(CO)12
RuO4
[RuCl2Cp*]2
[RuCl2(p-cymene)]2
RuH2(CO)(PPh3)3Ru(cod)(cot) RuH2(PPh3)4
Ru CHPh
PPh3
PPh3
Cl
Cl
Ru(CO)4(P(OMe)3)
[RuCl2(CO)3]2
RuCpH(CO)2
(nPr4N)(RuO4)
RuClCp*(cod)
RuCl2Cp*(PPh3)
RuH2(dmpm)2
HCHO
PPh3
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MeOH
NaBH4
PPh3
PhCHN2
P(OMe)3
CHCl3
C5H6
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NaIO4
(Pr4N)OH
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p-MeC6H4CHMe2
1,5-C8H12
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LiAlH41,5-C8H12
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H
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Scheme 3.1: Synthetic versatility of RuCl3·nH2O (cod = 1,5-cyclooctadiene, cot = 1,3,5,7-
cyclooctatetraene, Cp = C5H5
−, Cp* = C5Me5−)
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Ruthenium complexes can be roughly divided into six groups according to their sup-
porting ligands: oxo, carbonyl, tertiary phosphines, cyclopentadienyl, arenes and dienes,
and N-heterocyclic carbenes. These ligands are instrumental in imparting reactivity at the
ruthenium centre, allowing organometallic complexes to be used in applications such as
catalysis (especially olefin metathesis,219,221,223 hydrogenation217,220 and C–C bond form-
ing reactions),218 for their optical properties,225 in anti-cancer treatment,226 and other
materials-based uses such as data storage.227
Ruthenium Catalysts
Two groups of catalysts in particular have received a great deal of academic attention,
namely Grubbs and Shvo catalysts (Figure 3.1). These complexes have become important
academic reagents for their wide applicability towards olefin metathesis and hydrogenation
reactions, respectively.219,221–223 Grubbs’ catalysts especially are widely utilised as they
are tolerant of other functional groups in the alkene substrates, are air-stable and are
compatible with a wide range of solvents.223
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1st generation Hoveyda-Grubbs Catalyst 2nd generation Hoveyda-Grubbs Catalyst
Shvo Catalyst
Figure 3.1: Named ruthenium-based complexes of catalytic importance
The first generation Grubbs catalyst was reported in 1995 and is easily prepared
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from RuCl2(PPh3)3, phenyldiazomethane and tricyclohexylphosphine in a one-pot syn-
thesis.228 The second generation catalyst has found the same uses in organic synthesis
as the first generation, but generally with higher activity. This catalyst is also stable
toward moisture and air, thus facilitating handling.229 The initiation rate of the Grubbs
catalyst can be altered by replacing the phosphine ligand with more labile pyridyl ligands
(third generation Grubbs catalyst). The use of 3-bromopyridine causes a rate increase
of more than a million fold230 and this catalyst is generally used as an initiator for ring
opening metathesis polymerisation.231 The synthesis and implementation of these species
for catalytic metathesis reactions resulted in Grubbs being awarded the 2005 Nobel Prize
in Chemistry (alongside Richard Shrock and Yves Chauvin) “for the development of the
metathesis method in organic synthesis.” Further development of Grubbs catalyst was
reported by Hoveyda and co-workers who replaced the phosphine ligand with a chelating
oxygen atom. Although these so-called Hoveyda-Grubbs catalysts are more expensive and
slower to initiate, they are popular because of their improved stability.223
Transition metal carbenes can be divided into two classes, Fischer and Schrock car-
benes. The carbene carbon atoms of Fischer carbenes are electrophilic and possess sta-
bilising pi-donor groups. The metal is typically a middle or late transition metal in a low
oxidation state ligated by strong pi-acceptors. In contrast, Schrock carbenes are nucle-
ophilic and carry hydrogen atoms or alkyl groups as substituents on the carbene ligand.
The central atom is typically an early, high oxidation state transition metal ligated by
pi-donors. Fundamentally, the distinction between the two is based on the nature of the
transition metal–carbene bond,232 one being formed between spin triplet fragments and
the other by spin singlet fragments (Figure 3.2).233
Grubbs’ catalysts apparently have properties characteristic of both classes. Even
though these catalysts are often referred to as ruthenium(II) carbenes,234 and thus clearly
should fall into the Fischer class, a high Ru=C bond order and a large residual in the
charge decomposition analysis, both suggestive of Schrock carbene character, have been
noted in quantum chemical studies. Furthermore, DFT investigations and analysis of the
polarisation of σ- and pi-components of the carbene bond show the carbene carbon to
be moderately electrophilic, with distinct covalent character, strongly suggesting Grubbs’
catalysts should be considered Schrock-type carbenes.233
Yves Chauvin, a co-recipient of the 2005 Nobel Prize, with Jean-Louis He´risson first
proposed the widely accepted mechanism of transition metal alkene metathesis (Scheme
3.2).235 The direct [2+2] cycloaddition of two alkenes is formally symmetry forbidden and
thus has a high activation energy. The Chauvin mechanism involves the [2+2] cycloaddi-
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Figure 3.2: Singlet and triplet cleavage of the transition metal–carbene bond, showing
Fischer carbene (singlet) and Schrock carbene (triplet) bonding models
R1 R2
R1
R2
++
[M]
[M]
R1
R1
R1
R1R2
R2
R1
R2
[M]
[M]
[M]
Scheme 3.2: Mechanism of metathesis proposed by Chauvin
tion of an alkene double bond to a transition metal alkylidene to form a metallacyclobu-
tane intermediate. The metallacyclobutane produced can then cyclorevert to give either
the original species or a new alkene and alkylidene. Interaction with the d -obitals on the
metal catalyst lowers the activation energy enough that the reaction can proceed rapidly
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at modest temperatures.
The Shvo catalyst is a cyclopentadienone-ligated ruthenium complex, [(η5-C5Ph4O)2-
HRu2(µ-H)(CO)4] (Scheme 3.3, G), that is a generally useful catalyst for transfer hydro-
genation to alkenes, alkynes, carbonyl groups, and imines from alcohols, amines, dihydro-
gen, and several dihydrogen surrogates. The mechanism of hydrogenation and dehydro-
genation reactions catalysed by Shvo’s catalyst is unique among transition-metal catalysts
that affect similar transformations because it involves simultaneous transfer of separate
hydrogen atoms from (or to) the metal centre and the ligand. Thus, Shvo’s catalyst is
an example of a ligand–metal bifunctional catalyst where redox activity is distributed
between the metal centre and a cyclopentadienone ligand.222
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Scheme 3.3: Solution dissociation of Shvo’s catalyst into two monomeric forms, and the
interconversion of the monomeric forms in the presence of a hydrogen acceptor (A) or
donor (AH2)
This catalyst shows interesting solution behaviour (Scheme 3.3), dissociating into two
monomeric forms containing an oxidising (H) and reducing form (I). Although there is no
crystal structure for either H or I, solution NMR data, mechanistic probes, and trapping
experiments have established their structures. The catalyst is able to transfer dihydrogen
through a hydride on ruthenium (Ru–H) and a proton on the hydroxycyclopentadienyl
ligand (O–H), making it a metal-ligand bifunctional catalyst that operates by an outer
sphere mechanism (Figure 3.3).222
3.1.2 Coordination in Ruthenium–Triphos Complexes
There are several ruthenium complexes featuring Triphos ligands that have been reported,
in general these are octahedral with ruthenium in a +2 oxidation state. Some exceptions
include a ruthenium dicarbonyl complex [Ru(CO)2(κ
3-MeCP3
Ph)] (J), which was prepared
starting from either [Ru3(CO)12] or [Ru(CO)3(PPh3)2] (Scheme 3.4).
157 As noted by the
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Figure 3.3: Proposed intermediate in transfer hydrogenation of a ketone by Shvo’s catalyst
authors, coordination of all three phosphine arms required high temperatures (130 ◦C
and 120 ◦C, respectively), a testament to the difficulty in the sequential replacement of
three carbonyl ligands with phosphines. This effect can be attributed to a stabilisation
of the remaining M–CO bonds through symbiotic bonding effects, and is also reflected in
the carbonyl stretching frequencies.157 The analogous complex featuring nitrogen-centred
NP3
Ph, [Ru(CO)2(κ
3-NP3
Ph)] (34), was synthesised using the same protocol as the carbon-
centred ligand, using [Ru3(CO)12] as the ruthenium precursor with high temperatures
(Scheme 3.4).31
[Ru3(CO)12]
E = CH3C (J)
Ru
Ph2P
E
PPh2
OC CO
PPh2toluene
reflux
1/3 + E
Ph2P
PPh2
PPh2
E = N (34)
Scheme 3.4: Synthesis of ruthenium dicarbonyl complexes with nitrogen- and carbon-
centred Triphos ligands NP3
Ph and MeCP3
Ph
Other complexes that feature Triphos ligands include two previously discussed in Sec-
tion 2.1.1 that also feature a tmm ligand: [Ru(tmm)(κ3-MeCP3
Ph)]236 and [Ru(tmm)(κ3-
NP3
iPr)] (K),33 plus a third analogous complex with silicon-centred MeSiP3
Me: [Ru(tmm)-
(κ3-MeSiP3
Me)] (discussed in Section 1.3.4).117 All three were synthesised by deprotona-
tion of a coordinated methylallyl ligand by another ligand. In the cases of MeCP3
Ph and
NP3
iPr, one methylallyl ligand was deprotonated by another identical group, releasing
iso-butene; while in the case of MeSiP3
Me, the deprotonating group was a bound methyl
ligand, therefore releasing methane (Scheme 3.5).
The bonding between ruthenium and tmm is not straightforward, and has been shown
computationally to be strongest between the metal and terminal carbons of tmm, de-
spite shorter interatomic distances observed between the metal and central carbon of
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Scheme 3.5: Synthesis of ruthenium–tmm complexes with silicon- and carbon-centred
Triphos ligands
tmm in crystal structures.33,117,158,237 Complex K was activated through protonation with
HBF4·OEt2 to afford a more reactive 16-electron complex [Ru(methylallyl)(κ3-NP3iPr)]-
[BF4].
33 Interestingly, the acid did not protonate the apical nitrogen of NP3
iPr, but rather
reacted with the tmm moiety, presumably as this is more basic than the nitrogen lone
pair. This is in contrast to reaction of [Mo(CO)3(κ
3-NP3
Ph)] with HBF4 that did result
in protonation of the apical nitrogen to afford [Mo(CO)3(κ
3-HNP3
Ph)][BF4].
28
When a ruthenium precursor [Ru(methylallyl)2(cod)] was reacted with the bulky phos-
pholane ligand NP3
DPP, the tmm moiety was not formed. In this case, C–H activation oc-
curs on two phenyl groups resulting in cyclometalation, affording [Ru(κ3P :κ2C-NP3
DPP)]
(Figure 3.4).34 This complex was found to react with molecular hydrogen and silanes (see
Section 1.4.6).
P
Ru
P P
NPh
Ph
PhPh
Figure 3.4: Double cyclometalated ruthenium complex featuring the bulky phospholane
NP3
DPP ligand
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Dimeric species have been reported that feature bridging halides. Neutral ligands
such as MeCP3
Ph and MeSiP3
R (R = Ph, iPr) afford complexes with three bridging
chlorides and one anionic counter ion (Figure 3.5A)238,239 while the negatively charged
ligands PhBP3
R (R = Ph, iPr) only require two bridging chlorides and no counter ion
in order to charge balance (Figure 3.5B).87 The dimeric coordination mode observed
with PhBP3
R ligands means each ruthenium centre is coordinationally and electronically
unsaturated, making these complexes much more reactive than analogous complexes with
neutral triphos ligands.
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Figure 3.5: Dimeric ruthenium complexes with bridging chloride ligands
Hydride containing complexes are of particular significance to this project, and sev-
eral ruthenium–Triphos complexes also containing hydride ligands have been reported.
These complexes, all of which feature a [RuH(κ3-R′EP3R)]+ fragment, adopt octahe-
dral geometries around the metal centre and can be divided into two classes based on
the identity of the remaining two coordination sites. The simplest complexes with for-
mula [RuH(R′′)(R′′′)(κ3-R′EP3R)][X] have either one (R′′ = R′′′)131,132,138,240 or two differ-
ent (R′′ 6= R′′′) monodentate ligands,123,131 or one bidentate ligand (R′′R′′′ = bidentate
donor),241,242 and sometimes a charge-balancing counter ion (X) depending on the identity
of these ligands (Figure 3.6A). The second class forms bimetallic species, [Ru2H2(µ-R)(κ
3-
MeCP3
Ph)2], where the bridging ligand(s) µ-R = µ:η
2:η2-BH4, (µ-H)2, (µ-SC6H4CH2CH3)2
(Figure 3.6B).132,133,243
3.1.3 Reactivity of Ruthenium–Triphos Complexes
Ruthenium–Triphos complexes have been used extensively as catalysts in classical hydro-
genation reactions, as well as in selective C–S and C–N bond cleavage for hydrodenitro-
genation and hydrodesulfurisation by hydrogenolysis.125,130 In addition to this, they also
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Figure 3.6: Ruthenium–Triphos complexes with coordinated hydride ligands
show rich reactivity for transformations at the metal centre in a non-catalytic capacity,
and those most pertinent to this thesis will be reviewed.
The ruthenium(0) dicarbonyl compound J is easily oxidised by molecular oxygen,
which interestingly reacts with one of the carbonyl ligands rather than the phosphines as
expected, formally oxidising the metal centre from the zero oxidation state to +2, and
transforming one carbonyl ligand to a carbonate in tandem, affording [Ru(CO3)(CO)(κ
3-
MeCP3
Ph)] (L) (Scheme 3.6).157 This oxidation process has precedent, with the same
reactivity observed for analogous dicarbonyl complexes containing the linear triphosphine
PhP(CH2CH2CH2PCyh2)2.
244
Ru
Ph2P PPh2
OC CO
PPh2 O2 Ph2P
Ru
PPh2
OC O
O
PPh2
O
J L
Scheme 3.6: Reaction of [Ru(CO)2(κ
3-MeCP3
Ph)] (J) with O2, affording a ruthenium(II)
carbonate complex (L)
Complex J readily undergoes oxidative addition reactions with X2 or RX species (X2 =
Cl2, Br2, I2; RX = MeI, EtI, BnBr, allylbromide) to afford [RuX(CO)2(κ
3-MeCP3
Ph)][X]
or [RuR(CO)2(κ
3-MeCP3
Ph)][X] complexes (Scheme 3.7). Upon reaction with dihalogens,
the initial cationic complex formed can be further heated, ejecting a carbonyl ligand and
forming a neutral dihalide complex.157,245 Reaction with alkyl halides initially affords
similar cationic complexes as those formed with halogens, and one carbonyl ligand was
subsequently replaced by either a tertiary phosphine or isocyanide ligand (L) by first
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abstracting CO with Me3NO, affording chiral complexes [RuRL(CO)(κ
3-MeCP3
Ph)][X]
(Scheme 3.7).240,245,246 In the case of [RuMe(CNtBu)(CO)(κ3-MeCP3
Ph)][HDBT] (HDBT
= (+)-dibenzoyl hydrogentartrate, (PhCO2CHCO2)2H), the absolute configuration was
established by a single crystal X-ray diffraction study.245
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Scheme 3.7: Oxidative addition of X2 and RX reagents to [Ru(CO)2(κ
3-MeCP3
Ph)] (J)
Ruthenium hydride complexes were formed by reaction of J with either HCl or MeCOCl,
in both cases affording [RuH(CO)2(κ
3-MeCP3
Ph)][Cl] (M), and in the latter also forming
ketene CH2=C=O, which presumably goes via the acetyl complex [Ru(COMe)(CO)2(κ
3-
MeCP3
Ph)][Cl] (Scheme 3.8).240,247 It is synthetically more challenging to form dihydride
complexes, namely [RuH2(CO)(κ
3-MeCP3
Ph)] (42) as several highly air-sensitive steps are
required (Scheme 3.9–Route A, N–P)238,241,243,248 or very high temperatures and pressures
(Scheme 3.9–Route B).249,250
As can be seen in Scheme 3.9–Route A, the dimeric complex N must first be split
in order to facilitate subsequent transformations, as the dimer itself is very stable.243
This was achieved by reaction of N with AgOTf in acetonitrile, affording the tris-
MeCN complex O, which was reacted with NaBH4 to afford the hydride complex P.
241
Complexes O and P were found to be highly active catalysts for the hydrodesulfurisa-
tion of benzo[b]thiophene,132,133 an important process to remove sulfur impurities from
petroleum-based fuels (Section 1.4.1).130
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Scheme 3.9: Two procedures for the synthesis of [RuH2(CO)(κ
3-MeCP3
Ph)] (42)
The analogous dimeric species to N with the boron-centred PhBP3
Ph ligand [Ru(µ-
Cl)(κ3-PhBP3
Ph)]2 (Q) is more reactive than N as each ruthenium centre is five-coordinate
and only possesses 16 valence electrons, making it coordinatively and electronically un-
saturated.87 Complex Q reacts directly with CO or PMe3 to form monometallic com-
plexes87 or, similar to the transformation N → O, with AgPF6 to form the correspond-
ing tris-MeCN complex [Ru(NCMe)3(κ
3-PhBP3
Ph)][PF6] (R) (Scheme 3.10). The ace-
tonitrile ligands in complex R are fairly labile, and are readily displaced by tertiary
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phosphines or diamines.107 Complex Q has been used in silane activation by Tilley and
co-workers,104,137–139 as well as a pre-catalyst for transfer hydrogenation reactions (see
Section 1.4.2).107
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Scheme 3.10: Reactivity of [Ru(µ-Cl)(κ3-PhBP3
Ph)]2 (Q)
3.2 Coordination of NP3 Ligands to Ruthenium
The NP3
R ligands (R = Ph, 5; Cyp, 7) were coordinated to ruthenium(0) and ruthe-
nium(II) centres using various precursors. The reactivity mimicked that observed during
tungsten coordination studies, with the electronic nature of the ligands playing a greater
role in determining the coordination mode than steric encumberment. Ruthenium(II) pre-
cursors [Ru(methylallyl)2(cod)] and [RuH2(PPh3)4]
251 both afforded tridentate complexes
when reacted with either NP3
Ph or NP3
Cyp.
Similar to what was observed for carbon-centred MeCP3
Ph 236 and iso-propyl derivative
NP3
iPr, upon reaction with [Ru(methylallyl)2(cod)] the deprotonation of one methylallyl
ligand by the other occurs during the reaction, releasing iso-butene and allowing the tmm
ligand generated to remain coordinated, affording [Ru(tmm)(κ3-NP3
R)] (R = Ph, 30; Cyp,
31). Reaction of NP3
Ph or NP3
Cyp with [RuH2(PPh3)4] proceeds by simple substitution
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of three PPh3 ligands by NP3
R, affording [RuH2(PPh3)(κ
3-NP3
R)] (R = Ph, 32; Cyp, 33)
(Scheme 3.11). The ruthenium precursor [RuH2(PPh3)4] is highly fluxional in solution,
and free PPh3 is always observed by solution NMR spectroscopy. This fluxionality results
in decomposition at high temperatures, and extended heating of [RuH2(PPh3)4] with
NP3
Ph or NP3
Cyp gives low yields of 32 or 33, respectively. The synthesis of 32 was
originally performed under reflux in diglyme (165 ◦C), yielding only 19% product, but
changing the solvent to toluene and heating more gently at 100 ◦C resulted in a yield
increase to 61% if reaction times remained short (two hours).
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Scheme 3.11: Coordination of NP3
Ph and NP3
Cyp to ruthenium(II) precursors
[Ru(methylallyl)2(cod)] and [RuH2(PPh3)4]
The symmetric nature of 30 and 31 is evident from the 31P{1H} NMR spectra, which
each display singlets at δ: 19.1 ppm (C6D6, 162 MHz, 80
◦C) and 14.2 ppm (CDCl3, 162
MHz), respectively (Figure 3.7). A singlet is also observed for the signals assigned to the
methylene protons of the tmm moiety in 31, while the quaternary carbon that resonates
at δ: 102.8 ppm by 13C{1H} NMR spectroscopy (CDCl3, 101 MHz) is highly shifted,
indicating η4-coordination (Figure 3.8). Characterisation of 30 by NMR spectroscopy
proved difficult due to solubility issues, allowing only a weak 31P{1H} NMR spectrum to
be recorded, resulting in a poor signal-to-noise ratio.
High-resolution mass spectrometry (HRMS) showed only one peak cluster displaying
the expected isotope pattern for ruthenium, strongly suggesting a monometallic structure.
Unlike complex 30, the cyclopentyl derivative complex 31 is remarkably soluble in many
solvents, and it is due to this, as well as its air- and moisture-sensitivity, that it was
only possible to be isolated in relative low yields (20%). Attempts to further extract or
precipitate the red complex invariably resulted in decomposition to “ruthenium black”
and free ligand.
The sterically bulky cyclohexyl derivative NP3
Cyh was also reacted with [Ru(methyl-
allyl)2(cod)], but satisfactory characterisation of the product that precipitated out of the
reaction mixture could not be obtained. A 31P{1H} NMR spectrum was however recorded,
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Figure 3.7: 31P{1H} NMR spectrum of [Ru(tmm)(κ3-NP3Cyp)] (31) (CDCl3, 162 MHz)
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Figure 3.8: 13C{1H} NMR spectrum of [Ru(tmm)(κ3-NP3Cyp)] (31) (CDCl3, 101 MHz)
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and showed a single resonance at δ: 22.2 ppm (CDCl3, 162 MHz). The similarity of
this spectrum to the corresponding spectra for 30 and 31, allows this product to be
tentatively assigned as [Ru(tmm)(κ3-NP3
Cyh)]. Previously, NP3
Cyh was thought to be
too sterically demanding to coordinate through all three phosphine moieties,29 but the
tentative assignment of [Ru(tmm)(κ3-NP3
Cyh)] suggests this is not the case.
The 31P{1H} NMR spectra of 32 and 33 consist of three separate resonances, two
of which resonate as the expected doublet-of-triplets (those trans to another phosphine
moiety), while the third resonance manifests as a pseudo-triplet rather than the expected
doublet-of-doublets, due to very similar J -coupling between the remaining two inequiv-
alent phosphines (Figure 3.9). Identification of the two equivalent phosphorus atoms
on the NP3 ligand is facile due to the 2:1 intensity in comparison to the other signals.
The remaining two phosphorus signals were assigned on the basis of 2D 1H/31P{1H} and
13C{1H}/31P{1H} NMR correlation experiments, indicating the remaining arms on the
NP3 ligands resonate at δ: 27.3 and 25.6 ppm (C6D6, 162 MHz) for complexes 32 and
33, respectively.
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Figure 3.9: 31P{1H} NMR spectrum of [RuH2(PPh3)(κ3-NP3Ph)] (32) (C6D6, 162 MHz)
The hydride ligands resonate as multiplets at δ: −7.73 and −9.72 ppm (C6D6, 400
MHz) by 1H NMR spectroscopy for 32 and 33, respectively, due to the complicated
coupling with four phosphines. When 1H{31P} NMR spectra were recorded, these signals
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are simplified to the expected singlets (Figure 3.10).
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Figure 3.10: (A) 1H NMR spectrum of [RuH2(PPh3)(κ
3-NP3
Ph)] (32) showing the high-
field hydride region and (B) the corresponding 1H{31P} NMR spectrum of the same
complex (C6D6, 400 MHz)
Additionally the ligands NP3
Et and NP3
Cyh were reacted with [RuH2(PPh3)4], in both
cases displaying κ3-coordination via displacement of three PPh3 ligands. This was de-
duced from 31P{1H} NMR spectra taken from samples of the reaction mixtures. Un-
fortunately, the species could not be isolated as pure compounds due to decomposition
upon work-up. This suggests that NP3
R ligands over a range of steric encumbrance and
electron-donating abilities, are able to coordinate to ruthenium(II) centres containing two
hydride ligands.
[Ru(CO)2(κ
3-NP3
Ph)] (34), previously reported but not structurally characterised,31
can be formed in high yields via the reaction of 3 equivalents of NP3
Ph with [Ru3(CO)12]
in toluene under reflux (Scheme 3.12). The 31P{1H} NMR spectrum of 34 shows a single
phosphorus resonance at δ: 9.0 ppm (d8-toluene, 162 MHz) that remains unaltered when
the temperature is lowered to −50 ◦C, demonstrating the highly fluxional nature of the
complex in solution. Complex 34 is valuable as a precursor complex, from which a wide
variety of potentially catalytically interesting complexes can be synthesised. It can be
prepared in high yield and is a robust and stable complex that can be handled in air in
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the solid state, proving to be stable for days and only slowly oxidising after several weeks
to the carbonate complex [Ru(CO3)(CO)(κ
3-NP3
Ph)] (39). This transformation can be
prevented by storing 34 under nitrogen.
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Scheme 3.12: Synthesis of ruthenium(0) carbonyl complexes with NP3
Ph and NP3
Cyp
Unlike [Ru(methylallyl)2(cod)] and [RuH2(PPh3)4] precursors, for which ligands NP3
Ph
and NP3
Cyp showed identical reactivity, reaction of 3 equivalents of NP3
Cyp with [Ru3(CO)12]
in toluene under reflux overnight did not lead to tridentate coordination; instead, the κ2-
complex [Ru(CO)3(κ
2-NP3
Cyp)] (35) was formed (Scheme 3.12). This is most evident
from the 31P{1H} NMR spectrum of 35, which shows two singlet resonances at δ: −19.9
(1P) and 29.0 (2P) ppm (C6D6, 162 MHz), corresponding to the uncoordinated and coor-
dinated phosphines, respectively (Figure 3.11). Neither sustained further heating to 165
◦C in diglyme, nor irradiation with a 400 W UV light resulted in ejection of a CO ligand
and subsequent chelation of the pendant arm. Heating only resulted in the decomposition
of the complex into uncharacterised products. Complex 35 remained completely unreac-
tive under UV irradiation, with only starting material being observed, even after several
hours, suggesting that the carbonyl ligands are highly stabilising for the electron-rich
ruthenium centre. Similar to the reactivity observed during coordination to tungsten, the
increased electron-donating ability of the dicyclopentylphosphino arms (cf. diphenylphos-
phino) must require the ruthenium to be further stabilised by additional carbonyl ligands
in comparison to the corresponding κ3-NP3
Ph complex 34.
Although attempts to isolate ruthenium(0) carbonyl complexes with NP3
Et or NP3
iPr
were unsuccessful, they were expected to form tridentate and bidentate complexes, re-
spectively, due to their different electron-donating characteristics (vide supra). A 31P{1H}
NMR spectrum of the reaction mixture between three equivalents of NP3
Cyh and [Ru3-
(CO)12] showed the triphosphine ligand to be coordinating in the expected bidentate
fashion, most likely as the tricarbonyl complex. This complex was not isolated how-
ever, as an attempt to induce tridentate coordination of NP3
Cyh by heating to 155 ◦C in
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Figure 3.11: 31P{1H} NMR spectrum of [Ru(CO)3(κ2-NP3Cyp)] (35) (C6D6, 162 MHz)
diglyme for ∼3 days, unfortunately led to product decomposition rather than the desired
chelation.
The dimeric species [Ru2(µ-Cl)3(κ
3-NP3
Ph)2][Cl] (36[Cl]) was synthesised from NP3
Ph
and [RuCl2(DMSO)4] (Scheme 3.13).
252 This air- and moisture-stable complex precipi-
tated as a yellow powder from toluene and was easily isolated by filtration, subsequent
washing afforded an analytically pure sample. In order to obtain better quality crystals
of 36, the chloride anion was exchanged for BPh4 by stirring a CH2Cl2 solution of 36[Cl]
with NaBPh4 at room temperature for two hours. The mixture was filtered through celite
to remove NaCl that precipitated during the reaction, and subsequently the product was
crystallised. If the alternative ruthenium chloride precursor [RuCl2(PPh3)3]
253 was used,
and reacted with NP3
Ph at 60 ◦C in acetone, the resultant 31P{1H} NMR spectrum of the
light brown powder that precipitated, in CDCl3 showed two singlet resonances, consistent
with the NP3
Ph in a bidentate coordination mode, and no other phosphorus resonances.
Free PPh3 was detected within the supernatant, suggesting that all PPh3 had been dis-
placed, and potentially a ruthenium cluster had formed.
Complexes 30, 34 and 36[Cl] each have an analogous complex where the NP3
Ph
ligand has been replaced by MeCP3
Ph, demonstrating the viability of NP3
R ligands as
surrogates for the better researched MeCP3
R ligands. This viability extends as far as
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the coordination behaviour of the ligands, but as previously discussed, a long-range M–N
interaction in complexes containing NP3 ligands may significantly alter further reactivity
and catalytic applications.
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Scheme 3.13: Synthesis of bimetallic [Ru2(µ-Cl)3(κ
3-NP3
Ph)2][Cl] (36[Cl])
3.3 Reactivity of NP3–Ruthenium Complexes
Ruthenium dihydride complexes were key targets, as similar dihydride complexes featuring
MeCP3
Ph have recently been proposed as “dormant” forms of an active catalytic species,
that has shown exceptional activity for the hydrogenation of levulinic acid,249,250 amongst
other reactions. Initial attempts to synthesise ruthenium–(di)hydride complexes directly,
by substitution of PPh3 in the ruthenium precursor complexes [RuHCl(CO)(PPh3)3] or
[RuH2(CO)(PPh3)3] with NP3
Ph or NP3
iPr, leads to mixtures of products. This may be
in part due to the mer -arrangement of ligands within these precursors, which therefore
necessarily requires ligand rearrangement before fac-coordination of NP3
R can occur. The
high temperatures required for this mer -fac rearrangement to occur also results in starting
material and product decomposition.
Instead, attempts to convert the dicarbonyl complex 34 into dihydride species were
undertaken, as the corresponding tris-monodentate phosphine complex [Ru(CO)2(PPh3)3]
is converted to the dihydride complex [RuH2(CO)2(PPh3)2] under pressures of H2.
254
Unfortunately, direct treatment of 34 with H2 under high pressures (1–68 bar) and heating
(65–120 ◦C) or at room temperature with bubbling H2 under UV irradiation (16 or 125 W)
led to no reaction (Scheme 3.14). Additionally, treatment of 34 with NaBH4 or ‘super-
hydride’ LiEt3BH were similarly unsuccessful, resulting only in recovery of 34. The ability
of [Ru(CO)2(PPh3)3] to form hydride complexes stems from the facile dissociation of PPh3
in solution, forming a reactive 16-electron complex that can oxidatively add molecular
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hydrogen. In comparison, the stability imparted by tridentate chelation of NP3
Ph in 34
makes phosphine dissociation unlikely, and consequently rendering 34 unreactive.
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34 40
Scheme 3.14: Failed attempts to synthesise ruthenium–dihydride complex [RuH2(CO)(κ
3-
NP3
Ph)] (40) by direct reaction of [Ru(CO)2(κ
3-NP3
Ph)] (34) with H2 or hydride donors
NaBH4 and LiEt3BH
As phosphine dissociation cannot occur in 34 an initial activation step by oxidation
of the ruthenium(0) centre to ruthenium(II) must first take place in order to form the
desired dihydride complex. Under pressures of H2 or in the presence of reducing agents
such as NaBH4 or LiEt3BH, oxidative addition cannot occur due to the electronic sat-
uration of the complex. Consequently, 34 was reacted with two different oxidants in
order to achieve ruthenium(II) complexes. When two equivalents of silver salt AgOTf
were reacted with 34 in CH2Cl2 at room temperature, instant precipitation of metal-
lic silver was observed with formation of [Ru(OTf)(CO)2(κ
3-NP3
Ph)][OTf] (37) (Scheme
3.15–Route A). After filtration, the slow diffusion of diethyl ether into the CH2Cl2 solu-
tion gave a yellow crystalline precipitate that displayed a sharp doublet and triplet by
31P{1H} NMR spectroscopy at δ: −23.9 (2P) and 19.6 (1P) ppm, respectively (CH2Cl2,
162 MHz). This implies that tridentate coordination of NP3
Ph persists but the complex
is now six-coordinate with two different ancillary ligands. The presence of two distinct
singlets in the 19F{1H} NMR spectrum at δ: −76.8 and −78.5 ppm (CH2Cl2, 376 MHz),
indicates that one triflate is coordinating while the other is non-coordinating. This is
also inferred from the IR spectrum of 37, which shows several very board and intense
peaks int he region 1158–1279 cm−1, suggesting two different triflate environments. The
presence of two carbonyl ligands is also evident from the IR spectrum as two peaks at
2055 and 2095 cm−1.
Reaction of 37 with molecular hydrogen at three bar for 17 hours at 70 ◦C in THF
led to high-yielding formation of the monohydride species [RuH(CO)2(κ
3-NP3
Ph)][OTf]
(38[OTf]) (Scheme 3.15–Route A) along with concomitant formation of triflic acid. The
31P{1H} NMR spectrum of 38[OTf] still displays a doublet and triplet, similar to those
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seen for complex 37, while the 19F{1H} NMR spectrum, as expected, displays one res-
onance corresponding to the non-coordinating triflate anion. The 1H NMR spectrum of
38[OTf] shows a characteristic doublet-of-triplets hydride signal centred at δ: −6.75 (d8-
THF, 400 MHz). Alternatively, direct oxidative addition to 34 can also occur when treated
with strong acids. The reaction of 34 with HBF4 leads to formation of [RuH(CO)2(κ
3-
NP3
Ph)][BF4] (38[BF4]) (Scheme 3.15–Route B).
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Scheme 3.15: Oxidation of [Ru(CO)2(κ
3-NP3
Ph)] (34) using AgOTf and O2, and subse-
quent hydrogenation or direct oxidative addition with HBF4
Figure 3.12 shows the change in phosphorus NMR spectrum upon conversion of 37 to
38[OTf]. In the 31P{1H} NMR spectrum of 37, the triplet resonates at a lower field than
the doublet, but the inverse is true for 38[OTf], most likely due to the replacement of a
OTf− ligand, which is not highly trans-influencing, with a hydride ligand, which is. This
will significantly alter the nature of the Ru–P bonds, resulting in the observed change in
chemical shifts. A small increase in J -coupling between phosphorus atoms was observed
upon conversion of 37 to 38[OTf], from 19.5 to 25.5 Hz. The inverse was expected as the
increase in trans-influence by introduction of a hydride ligand would have made the trans
Ru–P bond more labile, reducing σ-character and in tandem reducing J -coupling. Other
effects may be contributing to the J -coupling value, such as interbond angles, which were
different in the solid state, as determined by X-ray diffraction analysis (vide infra).
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Figure 3.12: 31P{1H} NMR spectra of (A) [Ru(OTf)(CO)2(κ3-NP3Ph)][OTf] (37)
(CD2Cl2, 162 MHz) and (B) [RuH(CO)2(κ
3-NP3
Ph)][OTf] (38[OTf]) (d8-THF, 162 MHz)
Similar to reactivity observed for [Ru(CO)2(κ
3-MeCP3
Ph)] (J), oxidation of 34 using
molecular oxygen (Scheme 3.15–Route C), by deliberate exposure of a solid sample to air
for several weeks or by bubbling O2 through a toluene solution of 34 for ∼20 minutes,
resulted in conversion to the carbonate complex [Ru(CO3)(CO)(κ
3-NP3
Ph)] (39). The
presence of the new carbonate ligand can clearly be observed in the IR spectrum of 39,
which now displays only a single CO stretch at 1994 cm−1 and additional stretches typical
of bidentate carbonate at 1565, 1434, 1272 and 1092 cm−1.255
Reaction of 39 with a modest pressure of molecular hydrogen (three bar) led to the
formation of the neutral dihydride species [RuH2(CO)(κ
3-NP3
Ph)] (40) (Scheme 3.15–
Route C) within 18 hours, though higher pressures (15 bar) gave complete conversion
within two hours. The use of air-stable carbonate complex 39 as a precursor for the syn-
thesis of 40 and its analogues offers a milder and more facile route than those previously
reported for the equivalent MeCP3
Ph dihydride complex [RuH2(CO)(κ
3-MeCP3
Ph)] (42).
Complex 40 shows an apparent doublet-of-doublets splitting pattern for the hydride res-
onance in the 1H NMR spectrum, centred at δ: −6.50 ppm (C6D6, 162 MHz), instead
of the expected doublet-of-triplets due to simple phosphorus coupling (Figure 3.13). The
observed complication to the splitting pattern is due to the magnetic inequivalence of the
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hydride ligands, which are coupling to three phosphorus atoms in an AA’X spin-system.
The different coupling constants experienced by the hydride ligands with respect to PA
and PA’ are due to the cis/trans relationship. Small shoulders are also observed on the
resonance, further suggesting that second-order effects are occurring. This same pattern
was reported by Leitner and co-workers for the analogous MeCP3
Ph complex (42).250
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Figure 3.13: Hydride resonance from 1H NMR spectrum of [RuH2(CO)(κ
3-NP3
Ph)] (40)
(C6D6, 162 MHz)
Similar to the conversion of 37 to 38[OTf], when 39 is hydrogenated to afford 40,
the phosphorus resonances are again switched, with the triplet resonance moving down-
field, while the doublet resonance moves upfield (Figure 3.14). The same trans-influence
argument can be used to justify the change in chemical shift.
Complex 40 is reactive towards chlorinated solvents, rapidly reacting with CHCl3 and
more slowly with CH2Cl2 at room temperature (Scheme 3.16), in both cases forming a
mixture of three compounds (Figure 3.15), as evident from 2D-31P{1H} COSY NMR cor-
relation experiments. One compound is certainly unreacted 40 (?), one of the remaining
two is tentatively assigned as the dimeric species [RuH(µ-Cl)(κ3-NP3
Ph)]2 (•), while the
third (N) remains unknown. The compound marked in Figure 3.15 by • has been assigned
based on the doublet and triplet splitting pattern in the 31P{1H} NMR spectrum, as well
as the doublet-of-triplets observed in the hydride region of the corresponding 1H NMR
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Figure 3.14: 31P{1H} NMR spectra of (A) [Ru(CO3)(CO)2(κ3-NP3Ph)] (39) (CDCl3, 162
MHz) and (B) [RuH2(CO)(κ
3-NP3
Ph)] (40) (C6D6, 162 MHz)
spectrum. This complex additionally shows similar NMR characteristics to the rhodium
analogues with carbon- and boron-centred Triphos ligands MeCP3
Ph and PhBP3
Ph.103,256
The remaining unidentified product (N) shows three different phosphorus resonances,
which manifest as two doublet-of-doublets and one pseudo-triplet, with no hydride reso-
nances by 1H NMR spectroscopy.
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P
P
Cl
Cl
Ru
P
P
H
Ph2P N
N
Ph2
Ph2
Ph2
Ph2
+ ?CDCl3
RT
★! !!
31P{1H} NMR 
(CDCl3, 162 MHz) δ:
1H NMR 
(CDCl3, 400 MHz) δ:
8.19 (d, 2JPP = 35.2 Hz, 2P)
17.4 (t, 2JPP = 35.2 Hz, 1P)
–7.36 (m)
–25.5 (t, 2JPP = 37.6 Hz, 1P)
12.1 (d, 2JPP = 37.6 Hz, 2P)
–5.89 (dt, 2JHP = 91.7 Hz, 2JHP = 16.0 Hz)
–19.0 (dd, JPP = 36.4 Hz, JPP = 18.7 Hz, 1P)
–3.21 (t, JPP = 34.4, 1P)
–19.0 (dd, JPP = 35.4, JPP = 17.7 Hz, 1P)
Scheme 3.16: Reaction of [RuH2(CO)(κ
3-NP3
Ph)] (40) with chlorinated solvents, upon
dissolution in CDCl3
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Figure 3.15: 31P{1H} NMR spectrum of resultant mixture upon dissolution of
[RuH2(CO)(κ
3-NP3
Ph)] (40) in CDCl3 (CDCl3, 162 MHz)
Attempts to activate 35 by oxidation and facilitate tandem κ3-coordination were not
successful. Oxidation using O2 did not give the analogous carbonate complex observed
with 39 but instead led to decomposition and oxidation of the NP3
Cyp ligand. Presumably
the pendant third arm reduces the overall stability of 35, making it more susceptible to
oxidative degradation processes.
Complex 36[Cl] is very stable, being unreactive towards treatment with NaBH4 or
four bar H2 at elevated temperatures, or AgOTf at room temperature. Treatment with
four equivalents of AgPF6 in acetonitrile under reflux for several hours however, causes the
dimeric complex to split by chloride abstraction, affording the tris-MeCN bound complex
[Ru(NCMe)3(κ
3-NP3
Ph)][PF6]2 (41) with tandem precipitation of AgCl (Scheme 3.17).
Despite superficially appearing to be reactive due to the potentially labile acetonitrile
ligands, 41 is in fact robust, and stable to both moisture and air in the solid state.
Reaction of 41 with four bar H2 showed almost no reactivity over a period of six days at
room temperature, and even extended heating at 50 ◦C for seven days resulted in only
several new small resonances in the 31P{1H} NMR spectrum, and no new hydride signals
by 1H NMR spectroscopy, suggesting very slow decomposition rather than formation of a
new hydride-containing species.
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RuP
PPh2
Ph2P
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Cl Ru
Ph2P
N
P
Ph2
Cl
Cl
PPh2
[Cl]
Ph2
70 oC, 15 hrs
36[Cl]
4 AgPF6
MeCN Ru
Ph2P
N
PPh2
MeCN NCMe
PPh2
NCMe
41
[PF6]2
2
Scheme 3.17: Splitting of dimeric [Ru2(µ-Cl)3(κ
3-NP3
Ph)2][Cl] (36[Cl]) by chloride ab-
straction using AgPF6
3.4 Crystal Structures of Ruthenium Complexes
Crystals suitable for X-ray diffraction experiments were grown of complexes 30, 32 and
34–41. The crystallisation methods and crystal data for the 10 crystal structures can be
found below in Table 3.1, complexes 39 and 41 crystallised as two crystallographically
independent complexes (39-A, 39-B, 41-A and 41-B), and complex 35 crystallised as
eight crystallographically independent complexes (35-A–35-H).
Table 3.1: Crystallisation methods, space groups and, where appropriate, τ parameters
for complexes 30, 32 and 34–41
Complex Crystallisation Method Space Group τ
30 From a dilute toluene solution R3 –
32 From a concentrated diethyl ether solution P21/c –
34 From a concentrated toluene solution P21/c 0.27
35 Layering methanol over a saturated CH2Cl2 solution Cc 0.64–0.83
36[BPh4] Layering diethyl ether over a saturated methanol solution Pbca –
37 Layering diethyl ether over a CH2Cl2 solution at −35 ◦C P21/c –
38[BF4] Layering diethyl ether over a saturated methanol solution P21/c –
39 Layering toluene over a saturated CH2Cl2 solution P1 –
40 Layering methanol over a saturated toluene solution P21/c –
41 Layering diethyl ether over a saturated acetonitrile solution P1 –
Except for complexes 34 and 35, the structures of all other crystallised complexes show
distorted octahedral coordination geometry. An exemplary structure is shown in Figure
3.16 (of complex 32). Crystals of 34 and 35 contain five-coordinate ruthenium centres,
and show that, when crystalline, these complexes adopt a distorted square-pyramidal (τ
= 0.27), and distorted trigonal-bipyramidal geometry (τ = 0.64–0.83), respectively.257
Unsurprisingly, due to the κ2-coordination of NP3
Ph in 35, the N–Ru separation is much
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larger (by ∼0.46 A˚) than those seen in the complexes with a κ3-NP3Ph ligand.
Ru 
N1 
P7 P3 P5 
P50 
H1A 
H1B 
Figure 3.16: Crystal structure of [RuH2(PPh3)(κ
3-NP3
Ph)] (32) with hydrogens of the
phenyl rings and methylene carbons omitted for clarity
Crystals of 30 suitable for X-ray diffraction analysis were grown by allowing a dilute
toluene solution to stand at room temperature for five days (Figure 3.17). The molecular
structure revealed the complex has crystallographic C3 symmetry about an axis that
passes through N(1) and the ruthenium centre, as well as the octahedral structure of
the complex. The short Ru–Ctmm distance observed (2.085(2) A˚) also supports an η4-
coordination mode of the tmm ligand.
Ru1 
C22 
C22 
C22 
P3 
P3 
P3 
N1 
C21 
Figure 3.17: Crystal structure of [Ru(tmm)(κ3-NP3
Ph)] (30) with hydrogens of the phenyl
rings and methylene carbons omitted for clarity
Crystals suitable for X-ray diffraction analysis of 36 were obtained first by anion
exchange of the chloride counter ion to tetraphenylborate (36[BPh4]), and grown by
slow diffusion of diethyl ether into a methanol solution of 36[BPh4] (Figure 3.18). The
solid state structure of 36[BPh4] showed the cation to be the expected diruthenium
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species with three chloride bridges. Both ruthenium centres have distorted octahedral
coordination geometries with the tridentate phosphine ligands occupying facial sites; the
P–Ru–P bite angles are in the ranges 86.56(3)–90.73(3)◦ and 87.96(3)–89.65(3)◦ at Ru1
and Ru2, respectively. Surprisingly, all three chloride bridges are noticeably asymmetric,
with the bond to Ru1 being significantly shorter than that to Ru2 in each case. The
difference in Ru1–Cl and Ru2–Cl bond distances range from 0.015–0.042 A˚, but this
asymmetry is only observed in the solid-state, as solution NMR spectroscopy reveals 36
to be symmetrical. The Ru1–N1 separation of 3.444(2) A˚ is likewise shorter than its
Ru2–N51 counterpart (3.512(2) A˚). The reason for these differing geometries at each
ruthenium centre is not readily apparent, but is likely to be due to crystal packing forces.
Ru1 
Cl1 
P3 
P55 
N1 
Ru2 
Cl2 
Cl3 N51 P7 
P5 
P57 
P53 
Å	   Ru1	   Ru2	   Δ[Ru–Cl]	  
Cl1	   2.4559(6)	   2.4724(6)	   0.0165	  
Cl2	   2.4808(7)	   2.5231(7)	   0.0423	  
Cl3	   2.4803(7)	   2.4954(7)	   0.0151	  
Figure 3.18: Crystal structure of [Ru2(µ-Cl)3(κ
3-NP3
Ph)2][BPh4] (36[BPh4]) with hy-
drogens of the phenyl rings and methylene carbons, and BPh4
− counter ion omitted for
clarity
Complex 37 crystallised with a trimetallic unit cell, containing two unique cationic
[Ru(OTf)(CO)2(κ
3-NP3
Ph)]+ units, and one [Ag(OTf)3]
2− unit (Figure 3.19). These were
arranged with the silver containing anion between the two cations, which were themselves
orientated with the apical nitrogens of their corresponding triphosphine ligands point
directly towards silver (2.638 and 2.769 A˚) almost completely trans to each other (178.65◦).
This unique structure was formed due to the presence of adventitious silver from AgOTf,
and any attempts to obtain a molecular structure of 37 in the absence of silver failed due
to poorly diffracting crystals.
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Ru1A 
Ru1B 
O51A 
O51B 
Ag1 
C54A 
C55A 
C55B 
C54B 
P3B 
P5B 
P7B 
P7A P5A 
P3A 
N1A N1B 
Figure 3.19: Crystal structure of [Ru(OTf)(CO)2(κ
3-NP3
Ph)]2[Ag(OTf)3] with hydrogens
of the phenyl rings and methylene carbons omitted for clarity
3.5 Summary & Outlook
The coordination of ligands NP3
Ph and NP3
Cyp towards ruthenium(0) and ruthenium(II)
precursors was investigated. It was found that tridentate coordination of the ligands
was achieved in all cases except during the reaction between NP3
Cyp and ruthenium(0)
precursor [Ru3(CO)12], which afforded the bidentate tricarbonyl species [Ru(CO)3(κ
2-
NP3
Cyp)] (35). Reaction of NP3
Ph with the ruthenium chloride complex [RuCl2(DMSO)4]
afforded the dimeric complex [Ru2(µ-Cl)3(κ
3-NP3
Ph)2][Cl] (36[Cl]).
Ruthenium dihydride complexes were key synthetic targets, as similar complexes bear-
ing triphosphine ligands have been reported to be catalytically active for hydrogenation
reactions. Reaction of NP3
Ph or NP3
Cyp with the ruthenium dihydride containing pre-
cursor [RuH2(PPh3)3]
252 resulted in substitution of the three PPh3 ligands with the cor-
responding triphosphines, affording dihydride complexes. Attempts to produce ruthe-
nium dihydride complexes from the ruthenium dicarbonyl complex [Ru(CO)2(κ
3-NP3
Ph)]
(36) by direct reaction with H2 were unsuccessful, due to the strength of the ruthenium–
carbonyl bond, and the inability of the ruthenium centre to undergo a necessary oxidative
process.
Two different oxidants were therefore used to oxidise the ruthenium centre of 36
prior to reaction with H2. Reaction of 34 with two equivalents of AgOTf resulted in the
desired oxidative transformation, affording [Ru(OTf)(CO)2(κ
3-NP3
Ph)][OTf] (37), which
was subsequently converted to the monohydride species [RuH(CO)2(κ
3-NP3
Ph)][OTf] (38-
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[OTf]) by reaction with molecular hydrogen. A similar complex featuring an alternative
counter ion was synthesised from the reaction of 34 with HBF4 (40[BF4]). When O2 was
used to oxidise 34, conversion of one carbonyl ligand to carbonate occurred, affording
[Ru(CO3)(CO)(κ
3-NP3
Ph)] (39), which was converted into the desired dihydride species
[RuH2(CO)(κ
3-NP3
Ph)] (40) by reaction with H2. Complex 40 was found to be reac-
tive with chlorine containing solvents, giving a mixture of products that contained both
chloride and hydride ligands.
Complex 36[Cl] was highly stable, and required forcing conditions (in acetonitrile
under reflux with AgOTf) in order to affect splitting into the monometallic complex
[Ru(NCMe)3(κ
3-NP3
Ph)][OTf]2 (41). Complex 41 was found to similarly stable, giving
no reaction upon treatment with H2 at 50
◦C for seven days.
All complexes were fully characterised by multinuclear NMR spectroscopy, IR spec-
troscopy, HRMS and elemental analysis. Additionally complexes 30, 32 and 34–41 were
characterised by single crystal X-ray diffraction experiments. In general, the crystal
structures revealed a distorted octahedral geometry about the ruthenium centres, except
for five-coordinate complexes 34 and 35, which crystallised in distorted square-based-
pyramidal and distorted trigonal-bipyramidal geometries, respectively. Crystals of 37
were only found to be suitable for X-ray diffraction analysis with the inclusion of adventi-
tious silver, and were found to crystallise as the trimetallic compound [Ru(OTf)(CO)2(κ
3-
NP3
Ph)]2[Ag(OTf)3].
Overall, a sequential, facile and mild synthesis of ruthenium dihydride complexes fea-
turing a κ3-NP3 ligand has been established. The literature precedence for the application
of similar ruthenium complexes in traditionally difficult hydrogenation reactions gives this
newly established synthetic procedure significance. Consequently, this should facilitate
careful modulation of electronic and steric parameters at the active metal centre, in order
to gain greater mechanistic insight, and potentially develop detailed structure-activity
relationships. Complexes 32, 33 and 40, as well as analogous complex to 40 featuring
the carbon-centred MeCP3
Ph ligand (42) were assessed for catalytic activity in the high
pressure and high temperature hydrogenation of levulinic acid (LA) into various platform
chemicals, which is discussed in the following Chapter.
Chapter 4
Hydrogenation of Levulinic Acid
“Chemistry without catalysis, would be a sword without a handle, a light
without brilliance, a bell without sound.”
Alwin Mittasch
114
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4.1 Introduction
4.1.1 Comparison of R′CP3R and NP3R Ligands in Catalysis
In terms of catalytic performance, there are two directly comparable studies that will be
considered, and these will demonstrate that the difference between MeCP3
R and NP3
R
may not be as trivial as (perhaps naively) expected. The first study investigates the
sequential hydrogenation of dimethyl oxalate (DMO) first to methyl glycolate (MG) and
then to ethylene glycol (EG), a commonly studied benchmark test for the hydrogenation of
biogenic esters (Scheme 4.1).31 In general, drastic conditions are required for the efficient
conversion of ester moieties to their corresponding alcohols, unless the ester is activated
by electron-withdrawing substituents. In the case of DMO, the presence of two ester
moieties activates this molecule towards hydrogenation, making its conversion to MG
relatively facile. MG on the other hand, now contains an unactivated ester, making its
subsequent hydrogenation to EG much more challenging.
The most striking discovery from the comparison of MeCP3
Ph, NP3
Ph and NP3
Et
during the hydrogenation of DMO is the observation of different reaction kinetics and
mechanisms between the carbon-centred and nitrogen-centred ligands. In general, runs
performed using [Ru(acac)3]/MeCP3
Ph as the catalytic system required shorter induction
periods (a period of time when hydrogen gas was being consumed but no product forma-
tion was observed) than those using nitrogen-centred systems, indicating that formation of
the active catalytic species is more facile for MeCP3
Ph than NP3
Ph or NP3
Et. Additionally,
a zero-order dependence on DMO concentration was observed using [Ru(acac)3]/MeCP3
Ph
as catalyst, but it was found to be first-order with NP3 ligands, indicating substrate in-
volvement in the rate-determining step. Presumably hinderance during DMO binding is
the reason why substrate concentration is implicated in the rate-determining step. The
results of this comparison are summarised in Table 4.1.31
O
O
O
O
HO
O
O
HO
OH
+2 H2
– MeOH
[Ru] cat.
+2 H2
– MeOH
[Ru] cat.
Dimethyl oxalate (DMO) Ethylene glycol (EG)Methyl glycolate (MG)
Scheme 4.1: Hydrogenation pathway of dimethyl oxalate (DMO) to methyl glycolate
(MG) and ethylene glycol (EG)
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Table 4.1: A summary of the catalytic activity of MeCP3
Ph, NP3
Ph and NP3
Et in con-
junction with [Ru(acac)3] for the catalytic hydrogenation of dimethyl oxalate
Entry Ligand
Induction
Period
(min)
Run time
(h)
Conversion
(%)
TON TOF Reaction Ordera
1 MeCP3
Ph 10 7 98.5 (EG) 197.0 36.8 0
2 MeCP3
Ph 10 7 98.6 (EG) 197.2 39.3 0
3 NP3
Ph 153 20.5 95.7 (MG) 95.7 2.0 1
4 NP3
Ph 143 20.9 96.6 (MG) 96.6 2.2 1
5 NP3
Et 249 20.3
7.8 (EG),
74.7 (MG)
90.3 4.7 1
6 NP3
Et 149 20.6
5.6 (EG),
93.0 (MG)
104.2 5.3 1
Reaction conditions: [Ru(acac)3] (212 µmol), ligand (276 µmol), DMO (21.2 mmol), Zn (63.6 µmol), MeOH (30 mL),
p(H2) 80 bar, 100 ◦C. ak = zero-order k in mol dm−3 h−1 and first order k in s−1.
The second comparison involves the asymmetric hydrogenation of pro-chiral olefins us-
ing a series of chiral phospholane ligands in conjunction with rhodium (Figure 4.1).30,155,156
In this case, the tridentate ligands S and V showed similar catalytic activity to each other,
but much lower than the corresponding bidentate ligands T, U and X, requiring 72 hours
for the reactions to reach completion compared to one 1–3 hours when the bidentate lig-
ands were used. Despite the long reaction times, good selectivity was observed for both
tridentate ligands, resulting in enantiomeric excesses (ee) of >83% (Table 4.2). This work
was extended using the nitrogen-centred ligands by Gade and co-workers who increased
the steric bulk of the phospholane ligands by incorporating phenyl substituents (W). The
steric encumbrance was increased to such an extent in this ligand that tridentate coordi-
nation was no longer possible, leaving one pendent arm.30 This ligand was found to give
excellent catalytic results (Table 4.2, entry 6) and was further optimised by coordination
of the pendent arm to bulky gold salts (Table 4.2, entries 7 and 8).
These catalytic studies highlight that discrepancies in the catalytic activity between
carbon- and nitrogen-centred Triphos ligands exist, despite their similar structures and
coordination behaviour. It follows that the N-centred ligands warrant further investi-
gation into their reactivity and catalytic application, and should not be regarded as
merely carbon-centred surrogates. Despite initial screenings suggesting that NP3
R lig-
ands performed on a par or worse than corresponding R′CP3R ligands, subsequent op-
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Figure 4.1: Ligands used during the catalytic hydrogenation of pro-chiral olefins
Table 4.2: A summary of the enantioselective hydrogenation of pro-chiral olefins using
chiral phospholane ligands
Ph NHAc
CO2Me

Ph NHAc
CO2MeH2, cat.
MeOH, RT
Rh+
P
P
R'
R
R
R
R
cat. =
Entry Ligand Cat. (R’ =)a H2 Pressure (bar) Time (h)
b ee [%]
1 S κ3-DMP–CH2CH 2 72 89 (S )
2 V κ3-DMP–CH2N 5 72 83 (R)
3 T CH2 2 3 60 (R)
4 U — 2 3 85 (R)
5 X CH3N 5 1 76 (R)
6 W κ2-DPP–CH2N 5 1 94 (S )
7 W ClAuDPP–CH2N 5 1 97 (S )
8 W C6F5AuDPP–CH2N 5 1 99 (S )
a0.1 mol % catalyst loading. bTime taken to reach 100% conversion.
timisation demonstrated that nitrogen-centred Triphos ligands could out-perform their
carbon-centred counterparts.
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4.1.2 Some Recent Catalytic Applications of Triphos
Several reports have recently highlighted the use of a tripodal Triphos ligands for the
formation of catalyst for use in conventionally difficult catalytic transformations. The
dominance of the MeCP3
Ph ligand is likely to be due to the inherent stability imparted via
multidentate coordination of three phosphine arms, preventing, or at least slowing catalyst
decomposition. Additionally, the necessary cis arrangement of other coordinated groups
means these are primed to undergo further organometallic transformations. Traditionally
difficult catalytic applications include:
• Hydrogenation of esters to alcohols31,258–260
• Hydrogenation of carboxylic acids to alcohols261
• Selective hydrogenation of amides to amines with preservation of the C–N bond262,263
• Methylation of amines using CO2 or formic acid as the C1 source264–266
The hydrogenation of DMO (Scheme 4.2A) was previously introduced as a benchmark
test for the hydrogenation of biogenic esters (Section 4.1.1). The relative ease of conver-
sion of DMO to MG is due to the activating nature of the second ester moiety in DMO,
but hydrogenation of MG to EG is substantially harder as the remaining ester moiety
is no longer activated. Consequently, the conversion of MG to EG typically requires
very harsh conditions (200 bar H2, 180
◦C).258 When a catalytic system comprised of
[Ru(acac)3]/MeCP3
Ph was used, DMO conversion to EG was achieved in 95% yield under
relatively mild conditions (80 bar H2, 120
◦C).260 This catalyst system was also found
to efficiently hydrogenate similarly difficult aromatic and aliphatic esters to their corre-
sponding alcohols: dimethyl phthalate, benzyl benzoate, dimethyl maleate and methyl
palmitate (Scheme 4.2B–E).259 Many ligand systems were studied for the conversion of
DMO to EG; MeCP3
Ph was uniquely found to exhibit high activity over other mono, bi, tri
or tetradentate phosphine systems, as well as arsenic- and nitrogen-donor ligands.260 The
comparison of MeCP3
Ph to other tridentate phosphines which can adopt either a facial or
meridional coordination geometry, demonstrated that the imposed facial coordination of
MeCP3
Ph was critical for high activity.
The use of [Ru(acac)3]/MeCP3
Ph as a hydrogenation catalyst system was extended
to a wider range of traditionally difficult substrates, including lactones and dicarboxylic
acids, in both cases ultimately leading to diols.261 The Triphos system was found to be
highly active under similarly relatively mild conditions (80 bar H2, 120
◦C) compared
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to those typically currently utilised in industrial processes, which require heterogeneous
catalysts normally based on copper-chromium systems, at high temperatures (200–300
◦C) and high pressures (200–300 bar H2).261
O
O
O
O
HO
O
O
HO
OH
[Ru] cat. [Ru] cat.
Dimethyl oxalate (DMO) Ethylene glycol (EG)Methyl glycolate (MG)
[Ru] cat. [Ru] cat.
Dimethyl phthalate 1,2-bis(hydroxymethyl)benzenePhthalide
OMe
OMe
O
O
O
O
OH
OH
[Ru] cat.
Benzyl benzoate
O
O
OH
Benzyl alcohol
[Ru] cat.
OMe
OMe
O
O
OH
OH
Dimethyl maleate Butane-1,4-diol
[Ru] cat.
Methyl palmitate Hexadecan-1-ol
C15H31 OMe
O
C15H31 OH
A
B
C
D
E
80 bar H2
120 oC
80 bar H2
120 oC
85 bar H2
100 oC
85 bar H2
100 oC
85 bar H2
120 oC
85 bar H2
120 oC
85 bar H2
120 oC
2
Scheme 4.2: Hydrogenation of aromatic and aliphatic esters to their corresponding alco-
hols using [Ru(acac)3]/MeCP3
Ph as the pre-catalyst
A sulfur analogue of MeCP3, CH3C(CH2S
nBu)3 (TriSulf
Bu) has been used for the
selective homogeneous ruthenium-catalysed hydrogenation of DMO to MG, but was un-
able to catalyse further hydrogenation to EG.267 It should be noted that the most active
catalyst for the hydrogenation of non-activated aromatic and aliphatic esters under mild
conditions is a ruthenium hydride complex reported by Milstein and co-workers featuring
a PNN pincer ligand. This complex was able to hydrogenate a range of esters to their
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corresponding alcohols in high yields using only 5.3 bar H2 pressures and 115–140
◦C (see
Section 2.1.3).188
The production of amines (particularly via amide hydrogenation) is of vital impor-
tance, especially within the pharmaceutical industry, and consequently has been identified
by the American Chemical Society Green Chemistry Institute and members of Pharma-
ceutrical Round Table, as one of the three most desirable reactions for development.268
Traditionally these reactions are performed using LiAlH4 or borane reducing agents, which
are pyrophoric, difficult to handle, require complicated work-up procedures and produce
a lot of waste. The use of hydrosilanes as reductants circumvents some of these problems
and these reagents can give good selectivity for amine formation, but remain less atom
efficient than using molecular hydrogen. Heterogeneous catalysts require harsh conditions
and give very poor selectivity, in addition to often producing over-hydrogenated products,
for instance hydrogenating aromatic systems. It is desirable to develop a catalytic system
which selectively hydrogenates amides to amines with preservation of the C–N bond.263
The same [Ru(acac)3]/MeCP3
Ph catalytic system used to hydrogenate esters and car-
boxylic acids was used for the selective hydrogenation of amides to amines (Scheme 4.3).262
Although only relatively low pressures of hydrogen were required to realise the desired
transformation (70 bar), high temperatures (>200 ◦C) were also found to be critical.263
Additionally, acidic co-catalysts were required, with the authors selecting methanesul-
fonic acid (MSA) for the purpose. Detailed evaluation of the interactions of pre-formed
ruthenium hydride complexes [RuH2(CO)(κ
3-MeCP3
Ph)] (42) and [RuH(κ2-CH3CO2)(κ
3-
MeCP3
Ph)] with MSA both in the presence or absence of substrate and H2, revealed
the presence of a range of complexes containing coordinated monodentate or chelating
CH3SO3
−, usually without hydride ligands present (Figure 4.2).
[Ru] cat.
– H2O
H
N
O
N
+ H2
H
N
[Ru] cat.
+ H2
Scheme 4.3: Hydrogenation of amides to amines using [Ru(acac)3]/MeCP3
Ph as the pre-
catalyst with preservation of the C–N bond
The complexes featuring coordinated CH3SO3
− were found to be relatively stable con-
sidering the weakly bound nature of the CH3SO3
− ligand, with several being structurally
characterised by X-ray diffraction analysis.263 Heating mixtures of the compounds shown
in Figure 4.2 in the presence of amide substrates, and under a pressure of 10 bar H2, to
130 ◦C resulted in no reaction according to NMR analysis. The stability of these ruthe-
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Figure 4.2: Selected reaction products observed during reaction of [RuH2(CO)(κ
3-
MeCP3
Ph)] (42) or [RuH(κ2-CH3CO2)(κ
3-MeCP3
Ph)] with MSA
nium species is therefore likely to be the cause of the high temperature requirement for
catalysis (>200 ◦C). At temperatures above 130 ◦C, the authors suggest that the mixture
of compounds shown in Figure 4.2 act as a reservoir of the [Ru(κ3-MeCP3
Ph)]2+ fragment,
which is the true active catalytic species.263
The final catalytic application in which MeCP3
Ph has very recently shown high activity,
is the methylation of primary and secondary amines, using alternative C1 sources that
avoid the use of toxic methylating agents such as methyl iodide, dimethyl sulfate or
diazomethane. These alternative C1 sources feature carbon in higher oxidation states
than direct methylating agents, and consequently require the use of a reductant in tandem.
Two initial reports detailing the use of CO2 as the source of carbon in conjunction with
PhSiH3 as a reductant, and either zinc
269 or ruthenium270 salts to generate the catalytic
species, were reported in 2013. These initial findings did not utilise MeCP3
Ph as a ligand,
but subsequent reports revealed Triphos to give highly active catalysts. Table 4.3 gives an
overview of the different carbon sources and reductants used in concert with ruthenium–
MeCP3
Ph complexes (and others for comparison) as catalysts for the synthesis of methyl
amines.
The use of CO2 as the C1 source also required high pressures of H2 (60 bar) as the
reductant, as well as other additives.265 With careful tuning of the catalyst loadings and
reaction times, selective monomethylation over dimethylation was achieved for over 15
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Table 4.3: Methylation of amines using alternative C1 sources in conjunction with a
reductant
C1 Source Reductant Catalyst Temperature (
◦C) Additive
CO2 (30 bar) PhSiH3 [RuCl2(DMSO)4]/
nBuPAd2 100 –
CO2 (1 bar) PhSiH3 [ZnCl2]/NHC 100 –
HCOOH PhSiH3 [Pt(CH2=CHSiMe2)2O]/dppp RT –
CO2 (20 bar) H2 (60 bar) [Ru(acac)3]/MeCP3
Ph 140 MSA
CO2 (20 bar) H2 (60 bar) [Ru(tmm)(κ
3-MeCP3
Ph)] 150 HNTf2
HCOOH HCOOH [Ru(methylallyl)2(cod)]/MeCP3
Ph 150 HNTf2
examples of primary aromatic amines, while changing the additive from MSA to LiCl
allowed selective dimethylation of aliphatic primary amines. A reaction mechanism was
proposed (utilising a range of control experiments) which involves the initial formation of
a formamide intermediate, which in turn is rapidly reduced to the corresponding methy-
lated product (Scheme 4.4). An alternative mechanism involving direct methylation with
methanol, which is generated in situ from the hydrogenation of CO2 in the presence of
ruthenium, was found to not contribute to a significant extent (Scheme 4.4).265
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Scheme 4.4: Proposed reaction pathway for methylation of using carbon dioxide as C1
source
Formic acid was used as both the carbon source and reductant in an innovative ap-
proach reported by Cantat and co-workers.264 An acidic additive was found to be crucial
for obtaining methylated amines, as only trace amounts of product were detected in the
absence of either MSA or HNTf2, with the later being found to be more effective. Formic
acid can undergo disproportionation to methanol, CO2 and H2O, or dehydrogenation to
CO2 and H2 in the presence of ruthenium catalysts, and consequently any of these species
may be implicated in the mechanism for amine methylation. In fact, a similar mechanism
to that reported for the CO2/H2 system was suggested, with the reaction proceeding via
a formyl intermediate, and not via direct methylation with methanol. The formylation
agents were proposed to be both formic acid and CO2, while the subsequent reduction
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was achieved by both hydrogenation using H2 and transfer hydrogenation using formic
acid itself.264 Using either CO2/H2 or formic acid as the methylation system for aromatic
primary amines, the reaction was found to be highly sensitive to the electronic nature of
the substituents on the aryl rings.264,265
The Work of Leitner and Co-Workers
The MeCP3
Ph ligand in conjunction with ruthenium, has been used extensively and to
great effect by Leitner and co-workers, who have reported its use in many desirable cat-
alytic applications. Generally these involved manipulation of either single C–O or double
C=O bonds with high efficiency and selectivity. In tandem to work published by Beller and
co-workers,265 the methylation of secondary amines and dimethylation of primary amines
was reported using CO2/H2 as the methylation system (vide supra) and the pre-formed
ruthenium complex [Ru(tmm)(κ3-MeCP3
Ph)] (Y) as the catalyst.271 Acidic additives such
as HNTf2, MSA or para-toluenesulfonic acid (p-TsOH) were once again found to be crit-
ical to achieve any significant reactivity, and a qualitative trend towards lower reactivity
with increasing basicity of the substrate was established.
This approach was extended to include N -methylation of isolated imines as well as the
direct coupling of amines with aldehydes and the subsequent reductive methylation of the
in situ formed imines (Scheme 4.5).272 As a demonstration of the synthetic utility of this
N -methylation strategy, the anti-fungal agent butenafine was synthesised starting from
commercially available 1-naphthalene aldehyde and 4-tert-butylbenzyl amine in 88% yield
if the intermediate imine was isolated, or 60% yield in a direct three-component coupling
reaction (Scheme 4.6).272
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Scheme 4.5: Catalytic reductive methylation of imines with CO2 and H2 (Route A), and
one-step synthesis of unsymmetrical tertiary N -methyl amines through a three-component
coupling of primary amines, aldehydes (R3 = H), and CO2/H2 (Route B)
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Scheme 4.6: Synthesis of anti-fungal agent butenafine using reductive methylation of
imines with CO2 and H2
The direct hydrogenation of CO2 to useful chemicals such as formic acid or methanol
is highly desirable. Currently, most catalysts for the hydrogenation of CO2 to methanol
are heterogeneous, with few examples of molecularly defined species capable of achieving
this transformation with significant turnover numbers (TONs). In their seminal work
on ruthenium(II) pincer complexes, Milstein and co-workers developed the first homoge-
neous catalysts that are able to hydrogenate carbonic acid derivatives and formates to
methanol.190 Due to the conversion of CO2 to formates in the presence of ruthenium com-
plexes being feasible, it should thus be possible to also convert CO2 directly to methanol
in the presence of molecularly well-defined ruthenium complexes. This approach was
demonstrated in principle by Huff and Sanford, where the hydrogenation of carbon diox-
ide to methanol could be accomplished in a cascade reaction with different homogeneous
catalysts via formic acid and methyl formate intermediates. The multi-component cat-
alytic system required a complicated mixture of three catalysts and partial incompatibility
made a spatial separation of reaction steps essential, resulting in a maximum TON of 21
equivalents of methanol per ruthenium centre.273
An initial screening of a ruthenium species generated in situ from a mixture of
[Ru(acac)3] and MeCP3
Ph for the hydrogenation of CO2 to methanol demonstrated an
appropriate catalyst was formed, since TONs of 52 were achieved. Ethanol was added
as an alcohol component to tentatively stabilise any intermediates (assumed to be for-
mates) as esters, and an acidic co-catalyst (MSA) was once again found to be essential for
any reactivity.236 Higher TONs (63) were observed for this reaction when the pre-formed
complex Y was used in conjunction with MSA. A subsequent in-depth mechanistic and
computational study of this process revealed additional alcoholic components were not
necessary, as the direct conversion of CO2 to methanol via formate was feasible within
the coordination sphere of the metal, thus requiring no intermediate stabilisation.274 The
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role of the acidic additive was determined to be for the generation of a cationic ruthe-
nium species, with the formate-bound complex [Ru(S)(η2-O2CH)(κ
3-MeCP3
Ph)][NTf2] (S
= solvent) (Z) being the sole spectroscopically observed phosphorus-containing species
under catalytic conditions (Figure 4.3). Attempts to isolate Z were unsuccessful, but
the corresponding acetate-bound complex [Ru(S)(η2-O2CCH3)(κ
3-MeCP3
Ph)][NTf2] (S =
solvent) (AA) was successfully isolated and structurally characterised (with S = H2O)
(Figure 4.3). When pressurised with CO2 (20 bar) and H2 (60 bar), complex AA was able
to catalytically turnover, producing methanol directly from CO2 in the absence of both
an alcohol component or acidic additive.274 A mechanism based on these investigations
was proposed and corroborated by DFT calculations to be energetically feasible (Scheme
4.7).
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Figure 4.3: Catalyst precursor for the hydrogenation of CO2 to methanol (AA) and the
structure of the catalytically active intermediate (Z)
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Scheme 4.7: Basic catalytic cycle for the transformation of CO2 to methanol at the Ru–
Triphos fragment. P3Ru denotes the Ru
II–MeCP3
Ph fragment
Complex Y is extremely versatile for the hydrogenation of carboxylic and carbonic
acid derivatives, generally affording either alcohols, or primary or secondary amines de-
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pending on the substrate, in the presence of HNTf2 as the acidic additive.
158 The range
of possible hydrogenations using Y is summarised in Scheme 4.8, with carboxylic acids
and esters, acid anhydrides, imides and primary amide substrates all being converted to
alcohols in the absence of HNTf2 (i.e. via a neutral catalytic cycle, vide supra), while sec-
ondary amides and urea derivatives were converted to secondary amines and formamide,
respectively. In the presence of HNTf2 (via a cationic catalytic cycle) primary amides
and urea derivatives retain their C–N bond and afford secondary and primary amines,
respectively. Carbonate species show no reactivity in the absence of acidic additives, but
are hydrogenated to alcohols in the presence of 1.5 mol % HNTf2.
158
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Scheme 4.8: Scope of selective hydrogenation of challenging substrates using
[Ru(tmm)(κ3-MeCP3
Ph)] (Y) as catalyst precursor
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4.1.3 Biomass
Biomass and its Structure
Biomass is biological material derived from living, or recently living organisms. It most
often refers to plants or plant-based materials which is specifically called lignocellulosic
biomass. In the first instance, lignocellulosic biomass can be burnt to generate heat and
thus steam and thus electricity in an analogous method to the burning of fossil fuels. The
heating value of lignocellulosic biomass is significantly lower than that of coal and other
fossil fuels due to the very high oxygen percentage (about 50 wt. % compared to about 10
wt. % for coal), as well as its high hydrogen-to-carbon ratio.275 Hence biomass as such,
as a fuel source is poor. However biomass is capable of being derivatised or transformed
into other chemicals, useful in a number of valuable applications, not least of which in
energy production, as for example, the so-called biofuels.
Lignocellulosic biomass consists of four main chemical components, which vary in
percentage depending on the source of the biomass and other environmental factors.276
The four chemical components are:
• Cellulose — usually found in the crystalline state in long filaments, and is composed
of β-glucose monomers linked by β-1,4-glucoside bonds (Figure 4.4) (40–50% total
weight for oven-dried woody plants).
• Hemicelluloses — semi-crystalline co-polymer of five different sugar monomers, in-
cluding five- and six-carbon sugars (20–25% total weight for oven-dried woody
plants).
• Lignin — a highly branched, substituted, mononuclear aromatic polymer consisting
of three main monomer units (Figure 4.5) (25–30% total weight for oven-dried woody
plants).
• Extractives — a wide range of chemicals, both polymeric and non-polymeric and
include aliphatic compounds, terpenes and terpenoids and phenolic compounds (0–
10% total weight for oven-dried woody plants).
Prevalent throughout the molecular structure of lignocellulosic biomass is the presence
of aliphatic and aromatic C–O bonds, most of which need to be cleaved, to effect depoly-
merisation, prior to subsequent transformation into value-added products. The efficient
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and selective cleavage of aryl C–O bonds in particular is desirable as this allows the con-
version of oxygen-rich lignocellulosic plant biomass to deoxygenated fuels and commercial
chemicals.277
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Figure 4.4: The molecular structure of cellulose showing β-1,4-glucoside linked β-glucose
monomer units
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Figure 4.5: Three monomer (C9) units in lignin
General Catalytic Conversion of Biomass
Over the past 50 years petroleum resources have been quickly diminishing due to increased
global demand for fuels, in tandem with political and environmental concerns about fossil
fuels, it is vital to develop economical and efficient processes for the sustainable produc-
tion of fuels and other platform-chemicals. Lignocellulosic biomass represents the largest
source of biorenewable carbohydrates and, as such, is a prime candidate for derivatisa-
tion into other more valuable chemicals.276,278–280 In fact, biomass is currently the only
renewable source of liquid transportation fuel.280
Fuel can come in many different forms, many of which are accessible from biomass
via three primary routes: i) gasification to produce synthesis gas (CO, CO2, H2, CH4
and N2 in various proportions, ii) pyrolysis or liquification to produce bio-oils and iii)
the production of aqueous sugar and lignin by hydrolysis (Figure 4.6).276 Many catalytic
processes are already well established to achieve this, particularly in the conversion of
cellulose, and have been extensively reviewed by Corma and co-workers.276,281 In brief,
syn gas can be used to produce H2 by the water gas-shift reaction (which may become
significant with the increase of the hydrogen economy), diesel fuel by Fischer-Tropsch
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synthesis over various catalysts depending on the chain length required, and methanol or
methanol-derived fuels by methanol synthesis. Methanol in particular is desirable as it
can be used to produce olefins, gasoline, dimethyl ether, methyl tert-butyl ether, acetic
acid, hydrogen and formaldehyde, as well as being directly blended with existing fuels.276
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Figure 4.6: Strategies for production of fuels and chemicals from lignocellulosic biomass
(adapted from Corma and co-workers)276
A slight change in gasification conditions can lead to the production of liquids and/or
solids instead of gaseous products. Liquids obtained from biomass, so-called bio-oils, often
contain a mixture of compounds including acids, alcohols, aldehydes, esters, ketones and
arenes, and are primarily used as boiler fuel for stationary power and heat production.276
In order to be used as transportation fuel, bio-oils need to be upgraded, which can be
achieved by hydrodeoxygenation (usually done using sulfide CoMo or NiMo catalysts), ze-
olite upgrading or by forming emulsions with diesel fuel.276,279 Finally, converting biomass
into its monomeric units (glucose, p-courmaryl alcohol, coniferyl alcohol and sinapyl al-
cohol) followed by subsequent separation processes, allows easier manipulation into fuels
or value added fine chemicals.276,278–280 For instance a combination of hydrogenolysis and
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subsequent hydrogenation can afford xylitol, sorbital and sorbitan from cellulose. All of
these secondary products can be used as feedstocks for fuel production.276
The other major area in which biomass is envisioned to become a significant contribu-
tor is fine chemicals production.278,280 Through the generation of intermediate chemicals,
or in some cases from direct biomass treatment, many primary chemicals such as methanol,
ethanol, propanediols, carboxylic acids, furfural, ethylene etc. can already be produced,
mostly by thermal treatment over heterogeneous catalysts.278,280 Chemicals that repre-
sent ideal targets for production from alternative feedstocks include many of those that
are currently made from petroleum (although the use of alternative resources may reveal
new targets as well).278 In particular, targets for academic research include halocarbons,
alkenes and arenes.
Recently, the generation of potentially complicated arene systems directly from lignin
have received attention, and the use of lignin as a valuable source of biomass material
has been thoroughly reviewed by Weckhuysen and co-workers.280 This review consid-
ers the model compounds used to assess the catalytic activity of various catalysts if
they were to be employed as lignin conversion catalysts. Lignin cracking and hydrol-
ysis, reduction and oxidation are all discussed, with attention given to heterogeneous
catalysts, electrocatalysts and homogeneous catalysts in each case. Cracking is predomi-
nantly achieved with zeolite catalysts, while hydrolysis was best achieved using strongly
basic solutions.280 Reduction of lignin affords phenols and aromatics via catalytic hy-
drogenation or hydrodeoxygenation, and primarily employs heterogeneous catalysts, of
which there are a vast number currently being investigated.280 On the other hand, homo-
geneous catalysts are being studied for the oxidation of various lignin model compounds.
The two classes of compounds that have received most attention in this respect are por-
phyrin based complexes, and Schiff-base catalysts, most prominently [Co(salen)] (salen
= N,N’ -bis(salicylidene)ethane-1,2-diaminato), which has displayed activity in alcohol
oxidation.280
Synthesis of Levulinic Acid
Biomass-derived raw materials in general contain excess functionality, and maintaining
only the desired functionality in the final product is key to their successful implemen-
tation in upstream industrial and consumer items.279,282 These raw materials must typ-
ically undergo a partial deoxygenation process, normally via dehydration reactions, to
afford well-defined, so-called platform chemicals. Levulinic acid (LA) is one such platform
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chemical and can be readily produced during acid treatment of sugar monomers. Initial
dehydration of many sugars, such as glucose, fructose, sucrose, etc., affords the cyclic
aldehyde 5-hydroxymethylfurfural (5-HMF),276,278,279,281,283 a versatile platform chemical
in its own right (Scheme 4.9).284 This transformation is achieved catalytically, using ei-
ther homo- or heterogenous acid catalysts, and typically proceeds via pentose structures,
i.e. five-carbon ring saccharides.283 Under aqueous, acidic conditions, 5-HMF will ring-
open, affording levulinic and formic acid (Scheme 4.9).284 Starting from a levulinic acid
platform, the production of many desirable molecules is possible (vide infra).
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Scheme 4.9: Transformation sequence for the conversion of bioderived sugar monomers
into levulinic acid via 5-hydroxymethylfurfural, and subsequent valorisation via sequential
hydrogenation and dehydration reactions to ultimately afford 2-methyltetrahydrofuran
4.2 Hydrogenation of Levulinic Acid
The hydrogenation of levulinic acid (LA) to various platform chemicals has been studied
using both homogeneous and heterogeneous systems.249,281,285,286 Prior to work by Horva´th
and co-workers, the hydrogenation of biomass-derived levulinic acid (vide supra) had only
been realised using heterogeneous catalysts,285 and an alternative homogeneous catalyst
reported by Leitner and co-workers was the first to be studied with in-depth mechanistic
evaluation.249,250
Levulinic acid can undergo a series of hydrogenation/dehydration reactions to afford
a series of highly attractive products and platform chemicals (Scheme 4.10). LA can be
initially transformed in γ-valerolactone (γVL), which has found uses as a biofuel after
further esterification,283,287 or as a bioderived solvent.288,289 This hydrogenation step has
been well-established, and many heterogeneous catalysts have been reported to efficiently
and selectively afford γVL.288–293 The inherent stability of γVL makes its subsequent
transformation difficult and often requires harsh conditions.282 Perhaps most interestingly,
a tandem ring-opening/hydrogenation pathways allows the formation of 1,4-pentanediol
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(1,4-PDO), and a final acid-catalysed dehydration affords 2-methyltetrahydrofuran (2-
MTHF) (Scheme 4.10).249,282 Biogenic diols can be used as monomers to produce high-
performance biodegradable polyesters as well as fine-chemical intermediates.282,294 To an
even greater extent than γVL, 2-MTHF has been championed as a bioderived ‘green’
solvent of the future.295–297 Apart from its sustainable production method, 2-MTHF has
several benefits over other ethereal solvents, such as a relatively high boiling point, and
immiscibility with water, facilitating workup and recovery.295
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Scheme 4.10: Reaction sequence for the selective conversion of levulinic acid (LA) into
γ-valerolactone (γVL), 1,4-pentanediol (1,4-PDO) and 2-metyltetrahydrofuran (2-MTHF)
Initial reports detailing the synthesis of hydrogenation products beyond γVL required
copper-chromium oxide heterogeneous catalysts at high temperatures (300 ◦C) and pres-
sures (200 bar H2), but still only resulted in a 44% yield of 1,4-PDO.
298 Two more active
heterogeneous catalysts for the production of 1,4-PDO include firstly a mixed bimetallic
PdRe/C system, requiring 200–250 ◦C at 100 bar H2 pressure, affording 1,4-PDO in yields
up to 90%.281 Secondly, a highly dispersed copper catalyst in a zirconia matrix (Cu/ZrO2)
also shows enhanced activity.282 The high dispersion of copper within the zirconia matrix
was found to be critical for generating an active catalyst. An optimised loading of 30
wt. % copper gave yields of 1,4-PDO (97%) under 60 bar H2 at 200
◦C. Adapting the
Cu/ZrO2 pre-treatment procedure to incorporate acidic sites to the surface allowed the
selective production of 2-MTHF from γVL (91%), albeit under higher reaction tempera-
tures (240 ◦C). The acidic sites were introduced by calcination of the Cu/ZrO2 catalyst
at 400 ◦C in air for four hours.282
There have been four reported homogeneous systems capable of catalysing the hy-
drogenation of γVL to either 1,4-PDO or 2-MTHF, each using ruthenium as the transi-
tion metal centre.249,285,286 The first uses an in situ generated species from a mixture of
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[Ru(acac)3] (0.24 mol %) and tributylphosphine (8.4 mol %) under 83 bar H2 pressure,
at 200 ◦C for 48 hours to afford 1,4-PDO (63%). If NH4PF6 (4.2 mol %) was included
in the reaction mixture under otherwise identical conditions, 2-MTHF was quantitatively
produced on an NMR-scale (Figure 4.7).285 A ruthenium dichloride complex featuring a
tetradentate PNNN ligand was reported by Zhou and co-workers,286 based on a bipyri-
dine scaffold (AB, Figure 4.7). A bulky di-tert-butylphosphino moiety as well as a labile
diethylamino moiety were found to greatly increase the activity of the catalyst, converting
γVL into 1,4-PDO with yields up to 98% in just four hours, resulting in a turnover fre-
quency (TOF) of 1234 h−1 under mild conditions (50 bar H2, room temperature).286 When
AB was subjected to the catalytic reaction conditions in the absence of substrate, forma-
tion of a trans-dihydride species was observed, and mechanistic studies suggest substrate
coordination occurs via initial dissociation of the hemilabile NEt3 group.
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Figure 4.7: Reported homogeneous systems for the catalytic hydrogenation of either LA
or γVL to either 1,4-PDO or 2-MTHF
Leitner and co-workers reported a multifunctional homogeneous catalytic system that
opens direct access to γVL, 1,4-PDO or 2-MTHF with high selectivity and flexibility
directly from LA using an in situ generated catalyst from [Ru(acac)3] and MeCP3
Ph.249
The main features that influence the formation of the target products were found to be:
• the stereoelectronic properties at the metal centre as defined by the ligand
• the reactivity or stability of the active species as influenced by ionic additives
• the acid strength of the reaction medium as influenced by acidic additives
• reaction temperature and pressure
When the catalyst was generated in the absence of acidic additives, conversion of LA
to 1,4-PDO in 95% yield was achieved, demonstrating the ability of these catalytic sys-
tems to hydrogenate unactivated substrates such as γVL. The use of NH4PF6 as the acidic
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component allowed direct conversion of LA to 2-MTHF in 53% (or 59% if the reaction
temperature was increased from 160 to 200 ◦C); while the stronger but more coordinat-
ing acid para-toluenesulfonic acid (p-TsOH), reduced hydrogenation activity, leading to
large amounts of the primary hydrogenation product, γVL. In order to provide a strong,
ionic, and non-coordinating acid component for the reaction, a complicated mixture of
NH4PF6 in conjunction with the acidic ionic liquid 1-butyl-2-(4-sulfobutyl)imidazolium-
p-toluenesulfonate was used, converting LA to 2-MTHF in 92% yield after 18 hours at
160 ◦C and under 100 bar H2 pressure.249
A ruthenium species was isolated at the end of hydrogenation reactions performed with
higher catalyst loadings, which was identified as the well-defined carbonyl-dihydride com-
plex [RuH2(CO)(κ
3-MeCP3
Ph)] (42). The catalytic activity of this pre-formed complex
was similarly evaluated for the hydrogenation of LA, and was found to be almost com-
pletely inactive unless a proton source was present (either from an acidic additive or LA
itself).250 LA was found to react directly with 42 (via a neutral potential catalytic cycle),
resulting in loss of one hydride ligand as H2, dissociation of the CO ligand and LA coor-
dination in a bidentate mode (AC) (Scheme 4.11). However, experimental and computa-
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Scheme 4.11: Reaction of [RuH2(CO)(κ
3-MeCP3
Ph)] (42) with levulinic acid
tional analysis suggest the reaction proceeds via a cationic catalytic mechanism. Within a
cationic manifold, the coordinatively unsaturated species [RuH(H2)(κ
3-MeCP3
Ph)]+ is the
active species.250 A general mechanism for this cationic manifold is shown below for the
hydrogenation of a carbonyl moiety to an alcohol (Scheme 4.12). This general mechanism
occurs once during the conversion of LA to γVL and twice during the transformation of
γVL to 1,4-PDO. The mechanism by which γVL is transformed into 1,4-PDO occurs by
first reducing the carbonyl moiety of the lactone to afford a lactol, which undergoes a
ring-opening process outside the coordination sphere. This generates an aldehyde that
is able to re-coordinate via the carbonyl group, and which is subsequently reduced in an
identical manner.250 Analysis of the computed energy barriers indicate that in both cases,
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initial hydride transfer to the carbonyl moiety is the rate-determining step.
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Scheme 4.12: Calculated catalytic cycle for the hydrogenation of levulinic acid to γ-
valerolactone, under acidic conditions via a cationic manifold
In summary, the conversion of LA past the initial hydrogenation product (γVL) is
challenging, and typically requires high temperatures and pressures, as well as extended
reaction times. In order to prevent the decomposition of homogeneous catalysts under
these conditions, robust multidentate ligands have been successfully used, with the ac-
tive catalytic species either being generated from [Ru(acac)3] and an appropriate ligand
(normally in a 1:2 stoichiometry) or from a pre-formed ruthenium(II) complex. All four re-
ported homogeneous systems use ruthenium as the active metal centre. When well-defined
ruthenium complexes were used, dihydride moieties were either already present or quickly
generated in situ.249,250,286 In these cases substrate coordination was found to proceed via
initial dissociation of a labile moiety (NEt2 or CO).
250,286 Finally, acidic components are
required to complete the reaction sequence and convert LA to 2-MTHF.249,250,282
4.3 Catalytic Systems Under Investigation
Six ruthenium catalyst systems, and three acidic additives were studied for the selective
conversion of LA to either 1,4-PDO (in the absence of H+) or 2-MTHF (in the presence
of H+) (Figure 4.8). The group of catalysts is comprised of in situ generated species from
mixtures of [Ru(acac)3] and MeCP3
Ph or NP3
Ph, as well as pre-formed ruthenium com-
plexes 32, 33, 40 and the analogous complex to 40 featuring MeCP3
Ph instead of NP3
Ph
(42). Complex 42 has previously been reported via two different syntheses (see Section
3.1.3, Scheme 3.9), requiring either a complicated multistep procedure248 or high temper-
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atures and pressures for extended periods of time.250 This unsatisfactory synthetic route
encouraged the development of a more facile procedure, which gratifyingly was found to
be possible via an analogous method to that used to synthesise 40, i.e. initial forma-
tion of the dicarbonyl complex [Ru(CO)2(κ
3-MeCP3
Ph)] (J), followed by oxidation to the
carbonate complex [Ru(CO3)(CO)(κ
3-MeCP3
Ph)] (L),157 before low pressure hydrogena-
tion (15 bar) generates the desired dihydride complex [RuH2(CO)(κ
3-MeCP3
Ph)] (42)
(Scheme 4.13). All other pre-formed complexes were prepared as described in Chapter 3,
and recrystallised prior to use.
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Figure 4.8: Carbon- and nitrogen-centred pre-catalyst systems used in this study for the
hydrogenation of levulinic acid
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Scheme 4.13: Synthesis of ruthenium carbonyl-dihydride complex 42 under mild condi-
tions
The ruthenium complexes used during this study all contain a dihydride moiety, while
other components were varied in order to assess their catalytic impact. This included
carbon- or nitrogen-centred triphosphine ligands (42 vs. 40), carbonyl or phosphine
ancillary ligand (40 vs. 32) and bulky electron-donating dicyclopentylphosphino groups
or relatively less bulky and basic diphenylphosphino groups (33 vs. 32).
A standard set of conditions were used throughout the hydrogenation reactions, al-
lowing direct comparison of the catalyst systems: 10.0 mmol levulinic acid, either 0.5 mol
% pre-formed catalyst or 0.5 mol % [Ru(acac)3] with 1.0 mol % ligand, and optimally
5.0 mol % acidic additive in 20 mL THF. All solutions were mixed under nitrogen, and
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the high-pressure system was purged with nitrogen prior to use. After changing the at-
mosphere of the reaction vessel to hydrogen by repeated pressurising/depressurising the
system to 5 bar H2 (×5), the system was pressurised to 50 bar H2, heated to 150 ◦C, and
the pressure adjusted to 65 bar. The reaction mixture was stirred at this temperature for
25 hours, and a steady reduction in H2 pressure was typically observed over the first 10
hours of reaction, however this was not recorded to quantify hydrogen consumption.
Each catalyst system was able to successfully convert LA to one of the hydrogenation
products, with the predominant product being determined by the specific catalyst used
and the presence/absence of an acidic co-catalyst. In the absence of ruthenium catalyst
under otherwise identical conditions, almost no reaction was observed, with γVL produced
in ∼5% yield, or only in trace amounts if 5 mol % NH4PF6 was added to the reaction
mixture (Table 4.4).
Table 4.4: Hydrogenation of levulinic acid in the absence of catalyst or with NH4PF6
a
Yield (%)c
Entry Catalyst Conversion γVL 1,4-PDO 2-MTHF
1 — 5 5 0 0
2 NH4PF6
b <1 <1 0 0
aConditions: 10 mmol LA, 20 mL THF, 65 bar H2, 150 ◦C, 25 hours. b5 mol %.
cYield determined by GC analysis
4.4 Conversion of Levulinic Acid to 1,4-Pentanediol
The hydrogenation of LA was initially investigated using catalysts formed in situ from
[Ru(acac)3] and MeCP3
Ph (15) or NP3
Ph (5). The reaction conditions employed: 65 bar
H2, 150
◦C, 25 hours, were milder than those previously reported by Leitner and co-workers
for similar systems.249,250 In line with reactivity reported by Leitner and co-workers, when
the MeCP3
Ph/[Ru(acac)3] system was used, good conversion to 1,4-PDO was observed
(83%), with small amounts of γVL (9%) and no 2-MTHF, even under relatively mild
conditions (Table 4.5, entry 1). For comparison, the product yields reported for the same
catalyst system under slightly harsher conditions (100 bar H2, 160
◦C, 18 hours) have
been included, and show a similar distribution (Table 4.5, entry 2).249
As previously mentioned, the carbonyl dihydride complex 42 shows similar catalytic
activity towards the hydrogenation of LA as the MeCP3
Ph/[Ru(acac)3] system under
harsh conditions (Table 4.5, entries 2 and 4), and could also be isolated from the product
mixture when the latter in situ system was used. This suggests 42 is a “dormant” form
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Table 4.5: Screening of pre-formed and in situ generated complexes for the catalytic
hydrogenation of levulinic acid to 1,4-pentanediola
Yield (%)d
Entry Catalyst Temp. (◦C) Pressure (bar) γVL 1,4-PDO 2-MTHF
1 MeCP3
Ph/[Ru(acac)3] 150 65 9 83 0
2b MeCP3
Ph/[Ru(acac)3] 160 100 3 95 0
3 42 150 65 85 2 0
4c 42 160 100 22 73 3
5 NP3
Ph/[Ru(acac)3] 150 65 60 37 2
6 40 150 65 53 36 <1
7 32 150 65 1 99 0
8 33 150 65 61 1 1
aConditions: 10 mmol LA, 20 mL THF, 0.5 mol % complex or 0.5 mol % [Ru(acac)3] and 1.0 mol % ligand,
reaction time 25 hours. b10 mmol LA, no solvent, 0.1 mol % [Ru(acac)3], 0.2 mol % MeCP3Ph, reaction time
18 hours.249 c10 mmol LA, no solvent, 0.1 mol % complex, reaction time 18 hours.250 dYield determined by
GC analysis; full conversion was achieved in all cases.
of the active species, and may offer a convenient entry point for the catalytic cycle.250
Complex 42 was tested under the mild conditions utilised for this study (Table 4.5, entry
3), and interestingly a completely different product distribution was observed; with γVL
being predominantly produced. This demonstrates that under relatively mild conditions,
a reduction in catalytic activity is observed as the primary hydrogenation product is
observed predominantly, and also suggests that complex 42 is not sufficiently activated
under these conditions, compared to the higher pressure/temperature conditions.
That the MeCP3
Ph/[Ru(acac)3] system was able to produce 1,4-PDO in high yields
even under the mild conditions, while 42 was not, suggests that 42 may not represent a
resting state for the catalyst formed from mixtures of MeCP3
Ph with [Ru(acac)3] under
the mild reaction conditions, as it is under harsher conditions. Clearly, the formation
of 42 within the catalytic reaction mixture requires forcing conditions, and in fact this
complex may represent a deactivation pathway (as it has similarly been identified as in
the hydrogenation of CO2 to methanol).
274 Under more forcing conditions, 42 may be
able to be converted to a more active species (Table 4.5, entry 4), but this is not possible
under lower H2 pressures and temperatures (Table 4.5, entry 3).
Changing the carbon-centred ligand to nitrogen-centred NP3
Ph in the in situ gen-
erated system, afforded γVL as the main product (Table 4.5, entry 5), in contrast to
MeCP3
Ph/[Ru(acac)3] which generated 1,4-PDO. Small amounts of 2-MTHF were also
produced during this reaction. The use of the NP3
Ph catalyst derivative appears to pro-
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duce a less active species, or is able to more readily form stable complexes that constitute
deactivation pathways. The analogous complex to 42 featuring coordinated NP3
Ph instead
of MeCP3
Ph, 40, was also evaluated for catalytic activity (Table 4.5, entry 6), and shows
a similar product distribution to the NP3
Ph/[Ru(acac)3] system. Complex 40 is therefore
more active than 42 under these conditions. This suggests that formation of 40 from
NP3
Ph and [Ru(acac)3] under the reaction conditions may occur, and an equilibrium may
be established between this complex and the active species in solution, resulting in sim-
ilar product distributions whether 40 or NP3
Ph/[Ru(acac)3] are used as the pre-catalyst
systems.
Disappointingly, catalyst systems with nitrogen-centred Triphos ligands appear to be
less active than the MeCP3
Ph/[Ru(acac)3] counterparts. Reactivity studies of 40 suggest
the carbonyl ligand is fairly robust (vide infra), and consequently it was thought that
by substituting this ligand for a more labile alternative, the catalyst efficacy may be im-
proved; as CO dissociation is required in the proposed catalytic cycle.250 To this end,
[RuH2(PPh3)(κ
3-NP3
Ph)] (32) was tested as a catalyst, and gratifyingly showed signifi-
cantly increased activity over 40, producing 1,4-PDO in almost quantitative yield (Table
4.5, entry 7); making 32 one of the most active catalysts for the selective hydrogenation
of LA to 1,4-PDO under relatively mild conditions.
The influence of the substituents on phosphorus were assessed by substituting NP3
Ph
in 32 with bulkier and more electron-donating NP3
Cyp (33). Complex 33 showed sig-
nificantly less catalytic activity than 32, predominantly affording γVL (Table 4.5, entry
8). In addition, a greater percentage of side reaction products (mostly pentanol) was
observed. It is uncertain whether these changes are the result of increased steric bulk
around the metal centre, hindering coordination and activation of the substrate, or due
to the ruthenium’s being more electron-rich, as a result of the donating dialkylphosphines.
Aliquots were taken every two hours for the first 10 hours of each reaction, and analysed
by GC and 1H NMR spectroscopy. The final reaction mixture was similarly analysed.
Plotting the relative proportions of LA, γVL and 1,4-PDO present within the reaction
mixture over the 25 hour reaction period demonstrates the sequential progression of the
reaction (when 32 is used as the catalyst). LA is quickly consumed and converted to γVL
in ∼80% yield before significant amounts of 1,4-PDO start being produced (Figure 4.9).
Some kinetic data can also be considered, somewhat quantifying the sequential nature
of the reaction (Table 4.6). Each catalyst system was able to produce significant amounts
of γVL at a relatively early stage of the reaction, giving TON values between 148-246 and
TOF values between 41-78 h−1. Using either 42 or 33 as catalysts resulted in very low
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Figure 4.9: Graph of sequential conversion of LA to γVL and subsequently 1,4-PDO
Table 4.6: Selected kinetic data for various catalytic systems in the hydrogenation of
levulinic acid to 1,4-pentanediol via γ-valerolactone
γVL 1,4-PDO
Entry Catalyst TON TOF (h−1) TON TOF (h−1)
1 MeCP3
Ph/[Ru(acac)3] 148 50 167 7
2 42 246 76 4 <1
3 NP3
Ph/[Ru(acac)3] 200 41 74 3
4 40 192 78 74 3
5 32 158 73 197 13
6 33 204 66 6 1
yields of 1,4-PDO, and consequently these gave very low TONs (4 and 6, respectively) and
TOFs (<1 and 1 h−1, respectively). Using either NP3Ph/[Ru(acac)3] or 40 gave moderate
and similar yields of 1,4-PDO, reflected in the slightly higher and identical TONs (74) and
TOFs (3 h−1). Finally, MeCP3Ph/[Ru(acac)3] or 32 were able to produce 1,4-PDO in high
yields (83% and 99%, respectively), giving even higher TONs (167 and 197, respectively),
which are comparable to those observed for γVL. In this case the catalysts appear to be
as active towards hydrogenating LA as they are to γVL. This is expected, as they were
able to produce 1,4-PDO, necessarily via γVL. Despite showing similar TON values for
the conversion of LA → γVL and γVL → 1,4-PDO, the TOF values are much lower for
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the second transformation (Table 4.6, entries 1 and 5), indicative of this process occurring
later in the reaction, effectively after the first has almost gone to completion.
4.5 Conversion of Levulinic Acid to 2-MTHF
Experiments to convert LA to 2-MTHF were carried out using three different acidic addi-
tives: NH4PF6, para-toluenesulfonic acid (p-TsOH) and bis(trifluoromethane)sulfonimide
(HNTf2), in order to obtain the necessary acidity for the specific reaction mixture (Table
4.7). The use of NH4PF6 and p-TsOH have previously been explored by Leitner and co-
workers who reported that they displayed moderate to good yields of 2- and 3-MTHF from
biomass-derived carboxylic acids (Table 4.7, entries 1 and 2).249 It should be noted that
these experiments were performed in the melt (neat LA); however in the present study,
to ensure good incorporation of H2 and due to limitations in experimental configuration,
a minimum volume of solution was required, and this necessitated the use of solvent.
Table 4.7: Screening of pre-formed and in situ generated complexes for the catalytic hydro-
genation of levulinic acid to 2-methyltetrahydrofuran in the presence of acidic additivesa
Yield (%)c
Entry Catalyst Additive Pressure (bar) γVL 1,4-PDO 2-MTHF
1b MeCP3
Ph/[Ru(acac)3] NH4PF6 100 8 35 53
2b MeCP3
Ph/[Ru(acac)3] p-TsOH 100 58 1 39
3 MeCP3
Ph/[Ru(acac)3] NH4PF6 65 73 5 2
4 42 NH4PF6 65 70 2 0
5 NP3
Ph/[Ru(acac)3] NH4PF6 65 60 35 5
6 40 NH4PF6 65 95 <1 0
7 40 p-TsOH 65 77 0 0
8 32 NH4PF6 65 68 8 <1
9 NP3
Ph/[Ru(acac)3] HNTf2 65 54 0 45
10 32 HNTf2 65 10 <1 87
aConditions: 10 mmol LA, 20 mL THF, 0.5 mol % complex or 0.5 mol % [Ru(acac)3] and 1.0 mol
% ligand, 5.0 mol % additive, 150 ◦C, reaction time 25 hours. b10 mmol LA, no solvent, 0.1 mol %
[Ru(acac)3], 0.2 mol % MeCP3Ph, 5.0 mol % additive, 160 ◦C, reaction time 18 hours.249 cYield
determined by GC analysis; full conversion was achieved in all cases.
Using the same conditions that gave the best yields of 1,4-PDO from LA, the addition
of the acidic components to the reaction mixture was found, in general to be detrimental
to the catalytic process (see Table 4.9, vide infra). When MeCP3
Ph/[Ru(acac)3] was used
as the catalyst system in the presence of NH4PF6, the catalytic cycle was blocked after
γVL, with minimal amounts of 2-MTHF or 1,4-PDO being produced (Table 4.7, entry
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3). A similar product distribution was observed if complex 42 was used as the catalyst
in the presence of NH4PF6 (Table 4.7, entry 4), suggesting the same, relatively inactive
catalytic species is formed from either starting point.
Next, the NP3
Ph systems were considered. Utilising either NP3
Ph/[Ru(acac)3] or 40
as the catalyst in the absence of an acidic component, γVL was predominantly afforded
(∼60% yield) with some 1,4-PDO also produced (∼35% yield). As the acidic component
is only required for the transformation of 1,4-PDO → 2-MTHF, it could be assumed
that a similar yield of γVL would result upon inclusion of NH4PF6, while any 1,4-PDO
produced would be converted to 2-MTHF. A control reaction involving heating 1,4-PDO
with 5 mol % NH4PF6 in a sealed ampule at 150
◦C for 25 hours, quantitatively afforded
2-MTHF, confirming that this additive should be able to catalyse the conversion under the
reaction conditions. Unfortunately, only small to no 2-MTHF was observed when either
NP3
Ph/[Ru(acac)3] or 40 were used as the catalysts in the presence of NH4PF6 (Table 4.7,
entries 5 and 6). This suggests the ruthenium species present within the reaction mixture
are interacting with NH4PF6 sufficiently strongly to prevent its catalytic involvement.
Various attempts were made to improve the activity of the catalysts in the presence
of NH4PF6 (Table 4.8), by varying the amount of additive (Table 4.8, entries 1 and 2),
the pressure (Table 4.8, entry 3), or the solvent (Table 4.8, entry 4). In each case, only
negligible quantities of 2-MTHF were produced, further suggesting the low activity is
intrinsically due to a mutually detrimental interaction between the ruthenium species
and NH4PF6.
Table 4.8: Attempts to increase catalytic activity in the presence of NH4PF6
a
Yield (%)b
Entry Catalyst NH4PF6 Pressure (bar) Solvent γVL 1,4-PDO 2-MTHF
1 40 1.0 mol % 65 THF 98 <1 1
2 40 10 mol % 65 THF 79 8 1
3 40 5.0 mol % 95 THF 84 1 <1
4 40 5.0 mol % 65 Dioxane 68 <1 0
aConditions: 10 mmol LA, 0.5 mol % complex, 150 ◦C, reaction time 25 hours. bYield determined by GC
analysis; full conversion was achieved in all cases.
Increasing the acidity of the reaction mixture by using p-TsOH as the acidic component
(pKa −2.7 in DCE∗) instead of NH4PF6 (pKa 6.2 in DCE), again showed no improvement
∗Calculated from pKa value of NH4PF6 in MeCN215 and extrapolated to DCE using a trend calculated
from an investigation of superacids by Leito and co-workers214
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in the production of 2-MTHF (Table 4.7, entry 7). Similar to the work reported by Cole-
Hamilton and co-workers,263 p-TsOH (structurally similar to MSA) may be coordinating
to ruthenium under the catalytic conditions and, rather than acting as a reservoir for the
catalytically active species, is effectively removing the [Ru(κ3-NP3
Ph)]2+ fragment from
the catalytic cycle.
The use of complex 32 as the pre-catalytic species, which gave almost quantitative
conversion to 1,4-PDO in the absence of acidic additives, was similarly deactivated in the
presence of NH4PF6 (Table 4.7, entry 8). Further implicating a detrimental interaction
between ruthenium and NH4PF6, resulting in catalytic inhibition beyond γVL. This same
inhibition was not observed under the conditions reported by Leitner and co-workers,
which utilised higher pressures and temperatures, as well as conducting the experiments
in neat LA.249 The influence of higher H2 pressures has already been shown to be negligible
(Table 4.8, entry 3), and it is unlikely that the higher temperature (160 vs. 150 ◦C) would
have such a pronounced effect. It is therefore reasonable to suggest detrimental interaction
is solvent-dependent. Indeed, changing the solvent from THF to dioxane was found to
significantly alter the yield of γVL (95% and 68%, respectively).
That the catalyst deactivation occurred by incorporation of NH4PF6 into the reaction
mixture, regardless of catalytic species, is highlighted below (Table 4.9), showing almost
complete inhibition beyond γVL (with the exception of NP3
Ph/[Ru(acac)3]):
Table 4.9: Comparison of catalytic performance in the presence and absence of NH4PF6
as acidic additivea
Yield (%)b
Entry Catalyst Additive γVL 1,4-PDO 2-MTHF
1 MeCP3
Ph/[Ru(acac)3] — 9 83 0
2 MeCP3
Ph/[Ru(acac)3] NH4PF6 73 5 2
3 42 — 85 2 0
4 42 NH4PF6 70 2 0
5 NP3
Ph/[Ru(acac)3] — 60 37 2
6 NP3
Ph/[Ru(acac)3] NH4PF6 60 35 5
7 40 — 53 36 <1
8 40 NH4PF6 95 <1 0
9 32 — 1 99 0
10 32 NH4PF6 68 8 <1
aConditions: 10 mmol LA, 20 mL THF, 0.5 mol % complex or 0.5 mol %
[Ru(acac)3] and 1.0 mol % ligand, 5.0 mol % additive where applicable, 65 bar H2,
150 ◦C, reaction time 25 hours. bYield determined by GC analysis; full conversion
was achieved in all cases.
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A strongly acidic component with a highly non-coordinating anion (HNTf2) was tested.
If coordination of potentially ligating species formed in situ are responsible for the cata-
lyst inhibition, the removal of this deactivation pathway should increase catalyst efficacy.
Gratifyingly, using a NP3
Ph/[Ru(acac)3] catalytic system in the presence of 5 mol %
HNTf2, produced a 45% yield of 2-MTHF (Table 4.7, entry 9). If the product distribu-
tion with this catalyst is compared to the same catalyst system in the absence of acidic
components (Table 4.5, entry 5), similar yields of γVL are observed in both cases. With-
out an acidic component, the conversion of 1,4-PDO to 2-MTHF cannot be achieved,
and consequently little 2-MTHF was observed. With the inclusion of HNTf2, it appears
that any 1,4-PDO that is generated is rapidly converted to 2-MTHF without the acid
hindering the activity of the ruthenium catalyst.
When complex 32 is used in conjunction with HNTf2 (Table 4.7, entry 10), the major-
ity of LA is converted to 2-MTHF (87%), making this catalytic system among the most
active for this transformation, even under relatively mild conditions. Similar to the in
situ generated catalyst (Table 4.7, entry 9), NHTf2 does not hinder the activity of the
ruthenium species, allowing the transition metal component to convert LA to 1,4-PDO,
at which point that acidic component can catalyse the final transformation of 1,4-PDO
to 2-MTHF. The different product distributions obtained when various acidic additives
are utilised, suggest that this component must be not only highly acidic, but also highly
non-coordinating.
After completion of reactions, and if oxidative decomposition of any ruthenium species
present was avoided, and the reaction mixture was subjected to fractional distillation to
remove catalytic products, well-defined ruthenium complexes were found to be present.
Qualitatively, the reaction mixture maintained a bright orange/red colour, indicative of
ruthenium–NP3
Ph complexes. If catalyst decomposition had occurred, a significant dark-
ening of the solution would be expected, indicating the presence of ruthenium nano par-
ticles or “ruthenium black”. The orange/red colour was maintained upon storage of the
final reaction mixture in air at −30 ◦C. Although these ruthenium species could not be
fully characterised, their 31P{1H} NMR spectra indicated ligand coordination was pre-
served, and under some catalytic conditions, so were ruthenium–hydride moieties.
The homogeneous nature of the catalyst was confirmed by mercury poisoning exper-
iments, which demonstrated that elemental mercury did not alter the activity of the
catalysts.299 The full catalytic data for the mercury poisoning experiments can be found
in Appendix C.
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4.6 Mechanistic Investigations
From the catalytic data presented herein, under the relatively mild reaction conditions
used during this study, four main conclusions can be reached:
• in general, systems involving NP3 ligands performed on a par with or better than
analogous systems with MeCP3 for the formation of 1,4-PDO from LA
• the inclusion of NH4PF6 or p-TsOH suppresses the overall catalytic activity
• inclusion of HNTf2 does not hinder the catalytic activity of the ruthenium species,
while facilitating the conversion of 1,4-PDO to 2-MTHF in tandem
• increasing the lability of the ancillary ligands present on the pre-formed catalyst
precursors increases efficacy
A series of stoichiometric reactions were performed between catalytic species and lev-
ulinic acid under various conditions to help explain and reinforce some of these observa-
tions.
The inclusion of NH4PF6 was found to be highly detrimental to catalysis when either
40 or 42 were used as the pre-catalytic species. Consequently, the reactivity of 40 and
42 was assessed via stoichiometric reactions between these complexes and LA, both in
the presence and absence of NH4PF6. The direct reactivity of 42 with LA has previously
been reported,250 and shows a clean reaction at room temperature over several hours to
afford [RuH(κ2O-CH3C(O)CH2CH2COO)(κ
3-MeCP3
Ph)] (43), with LA coordinated in a
bidentate fashion and one hydride ligand remaining coordinated (Scheme 4.14). Con-
versely, complex 40 displays markedly different reactivity, showing no reaction with LA
at all, in either non-polar (C6D6) or polar (THF) solvents, even after heating under reflux
overnight (Scheme 4.14).
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Scheme 4.14: Reaction of carbonyl-dihydride complexes 40 and 42 with levulinic acid
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The different reactivities of 40 and 42 is surprising considering the structural similar-
ity between the two complexes, which differ only at the apical position of the triphosphine
ligand (N and CH3C, respectively). An indirect N–Ru interaction, similar to the N–W
interactions discussed in Chapter 2 may be at least partially responsible for this discrep-
ancy. DFT analysis of 40 and 42 suggest orbital overlap may exist between nitrogen-
and ruthenium-centred orbitals in the HOMO, similar to those observed for the tungsten
complexes (Figure 4.10). The structures were optimised using B3LYP as the functional,
MWB28 as the basis set and pseudo-potential for ruthenium and 6-31G* as the basis set
for all other atoms. The structures were energy minimised until all optimisation criteria
were achieved, and frequency analysis of the optimised structures confirmed a true mini-
mum energy structure by the absence of imaginary frequencies. If the N–Ru interaction
results in increased electron density centred on the metal (as phosphine backbonding is
impeded), it may become electronically favourable to maintain a coordinated carbonyl
ligand, that can remove electron density via backbonding and stabilise the complex. As
the reaction between 42 and LA resulted in the dissociation of CO to allow coordination
of LA, the relative difficulty for a similar dissociative process in 40 may be inhibiting its
reaction.
40 42 
Figure 4.10: Contour map of DFT calculated HOMOs for complexes 40 and 42 showing
overlap of apical nitrogen and ruthenium based orbitals in 40, with no such overlap in 42
In the presence of NH4PF6/acetonitrile, both 40 and 42 showed identical reactiv-
ity (Scheme 4.15), releasing hydrogen and forming cationic, solvent-bound complexes:
[RuH(CO)(NCMe)(κ3-NP3
Ph)][PF6] (44) and [RuH(CO)(NCMe)(κ
3-MeCP3
Ph)][PF6] (45),
respectively. The addition of 1.5 equivalents of LA to a solution of 44 resulted in LA coor-
dination to ruthenium through two oxygen donors via initial loss of the hydride ligand from
44 (as H2) and the bound acetonitrile, forming [Ru(CO)(κ
2O-CH3C(O)CH2CH2COO)(κ
3-
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NP3
Ph)][PF6] (46).
1H and 31P{1H} NMR spectra were recorded hourly for the reaction
between 44 and LA at room temperature. The proton spectra showed the gradual dis-
appearance of the Ru–H signal (Figure 4.11), while the phosphorus signals of 44 in the
31P{1H}NMR spectra also disappear and are replaced by a new pseudo-triplet and doublet
of 46 at δ: −16.2 and 19.8, respectively (Figure 4.12). The apparent chemical equivalence
of two phosphorus atoms arises from the similarity of the two coordinating oxygen atoms
of LA trans to these phosphorus atoms, resulting in the observed apparent triplet and
and doublet instead of the expected three doublets-of-doublets signals. Continued NMR
analysis revealed that the reaction is complete after 21 hours, and complex 46 was further
confirmed by the presence of a mass peak at m/z = 856.4 in the mass spectrum.
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Scheme 4.15: Reaction of carbonyl-dihydride complexes 40 and 42 with levulinic acid in
the presence of NH4PF6 in acetonitrile
Complex 45 featuring the carbon-centred MeCP3
Ph was found to react in an identical
manner to 44, releasing the bound acetonitrile moiety and the remaining hydride lig-
and to afford [Ru(CO)(κ2O-CH3C(O)CH2CH2COO)(κ
3-MeCP3
Ph)][PF6] (47) after LA
coordination. An NMR-scale reaction between 45 and 1.5 equivalents of LA at room
temperature proceeded in an analogous manner to the reaction between 44 and LA, re-
sulting in loss of hydride and acetonitrile from 45, with tandem bidentate coordination of
LA (Figure 4.13). Furthermore, this reaction was faster, reaching completion in approxi-
mately half the time for that with 44. The formation of 47 was further confirmed by the
presence of a mass peak at m/z = 869.1677 in the high-resolution mass spectrum.
Attempts to isolate and purify 45 resulted in its decomposition to a mixture of
[Ru(CO)(NCMe)2(κ
3-MeCP3
Ph)]2+, [Ru(NCMe)3(κ
3-MeCP3
Ph)]2+, and several other low
yield species. Consequently, reaction between 45 and LA was performed using an impure
sample, as can be observed in Figure 4.13, which shows the stacked 31P{1H} NMR spec-
tra recorded for this reaction, and includes several resonances foreign to the species of
interest. The resonances corresponding to 45 were identified through similarities to the
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Figure 4.11: Stacked 1H NMR spectra showing the hydride region for the conversion of
44 to 46 at room temperature over 21 hours (d6-acetone, 400 MHz)
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Figure 4.12: Stacked 31P{1H} NMR spectra showing the the conversion of 44 to 46 at
room temperature over 21 hours (d6-acetone, 162 MHz)
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Figure 4.13: Stacked 31P{1H} NMR spectra showing the the conversion of 45 to 47 at
room temperature over 10 hours (d6-acetone, 162 MHz)
previously well-characterised analogous 44. The impurities present are not thought to
have interfered with the conversion of 45 to 47, as their respective resonances remained
unaltered throughout the course of the reaction.
An important difference to note between complexes 46 and 43 (the latter being from
the reaction between 42 and LA in the absence of NH4PF6) is the presence of a bound
hydride in 43 and none in 46. Computational studies of the transformation of both
LA to γVL and γVL to 1,4-PDO on the [RuH(H2)(κ
3-MeCP3
Ph)]+ fragment start with
migratory insertion of a bound hydride ligand into a coordinated carbonyl moiety of the
target compound.250 This suggests that for 46 to catalytically turn over, initiation steps
that result in formation of a Ru–H species must first occur via displacement of another
ligand. This necessary “activation step” may partially account for the reduced catalytic
activity observed for 40 and 42 upon addition of NH4PF6 in the reaction mixture. This,
and other mechanistic studies on hydrogenation reactions,263 have demonstrated that the
propensity for the [Ru(Triphos)]2+ fragment to maintain catalytically relevant ruthenium–
hydride moieties is limited in systems which include proton donors.
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During reactivity studies between 40 and NH4PF6, protonation of the apical nitrogen
of NP3
Ph was not observed, presumably as NH4PF6 is not protic enough. The carboxylic
acid moiety of LA is similarly unable to protonate nitrogen (pKa 4.59), and interestingly
is more acidic than NH4PF6. Within the catalytic mixture, the inclusion of NH4PF6 will
therefore not increase the overall acidity of the solution. These observations suggests
that no nitrogen protonation will occur under the catalytic conditions, rendering this
explanation as an unlikely deactivation pathway when NH4PF6 is used. Attempts to force
nitrogen protonation by using stronger acids such as concentrated HCl led to poorly-
defined products by 31P{1H} NMR spectroscopy, and attempts to isolate any species
from the reaction mixtures failed. Importantly, however, upon reaction with HCl, no
resonances corresponding to hydride ligands were observed by 1H NMR spectroscopy,
again demonstrating the lack of persistence of Ru–H moieties in acidic conditions.
Both NH4PF6 and p-TsOH can form potentially coordinating species upon release
of H+: namely, NH3 and p-TsO
−, respectively. In a closed system that does not allow
release of such in situ generated species, it is likely that they will compete for coordi-
nation of the metal centre with the substrate. Indeed, this is observed for the MSA
systems studied by Cole-Hamilton and co-workers.263 When 40 is reacted with NH4PF6
in a less coordinating solvent than acetonitrile, such as THF, the cationic NH3 bound
complex [RuH(CO)(NH3)(κ
3-NP3
Ph)]+ (48) is formed (Scheme 4.16). Dissolving this
complex in acetonitrile leaves 48 unaffected, suggesting this species to be fairly robust.
A high-resolution mass spectrum of the resultant acetonitrile solution showed two peak
clusters with a ruthenium isotope splitting pattern, corresponding to both the NH3 and
acetonitrile coordinated complexes 48 and 44, respectively (Figure 4.14). It is unclear
whether acetonitrile coordination occurred naturally over time, or is an artefact of the
vaporisation/ionisation process during mass analysis.
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Scheme 4.16: Reaction of 40 with NH4PF6 in THF
Monitoring a three-component reaction between 40, NH4PF6 and LA by
1H and
31P{1H} NMR spectroscopy over 15 hours shows the tandem formation of 48, two un-
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Figure 4.14: High-resolution mass spectrum of acetonitrile solution of 48, showing mass
peaks for 48 and 44
known species, one of which is presumed to be the THF bound [RuH(CO)(THF)(κ3-
NP3
Ph)][PF6] (49), and 46. Complex 46 is probably formed via 48 or 49, since direct
reaction of LA with 40 does not occur. Over the course of several weeks at room temper-
ature, the 31P{1H} NMR spectrum simplifies and is found to eventually only contain 48,
46 and one unknown species (Scheme 4.17). Figure 4.15 shows the stacked 31P{1H} NMR
spectra of this transformation with the final spectra collected after the reaction mixture
had rested at room temperature for several weeks. As the peaks corresponding to 48 and
another unknown species which resonates at δ: 11.7 (t, JPP = 32.8 Hz) and 28.0 (t, JPP
= 32.8 Hz) (d8-THF, 162 MHz, •) remained throughout the course of the reaction, this
highlights the facile generation of complexes that are relatively unreactive towards LA,
and may represent deactivation pathways during catalysis.
Acids that generate relatively non-coordinating anions, such as HNTf2, will not com-
pete for metal binding in the same way as NH4PF6 and p-TsOH, allowing substrate
binding to occur more readily. As was observed during the catalytic experiments incorpo-
rating acidic additives (Table 4.7), good conversion of LA to 2-MTHF was observed only
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Scheme 4.17: Reaction of 40 with NH4PF6 and LA in THF
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Figure 4.15: Stacked 31P{1H} NMR spectra of reaction between 40 and levulinic acid in
the presence of NH4PF6 over 15 hours at room temperature (d8-THF, 162 MHz), with a
final spectrum collected after several weeks at room temperature. An unknown species is
identified with •
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when this acid with a non-coordinating conjugate bases was utilised.
There appears to be a propensity for complexes 40 and 42 to maintain a coordinated
CO ligand, especially under acidic conditions, and these complexes were found to under-
perform compared with 32, which features a more labile PPh3 ancillary ligand. Unlike 40,
which displayed no reactivity toward LA, when 32 was reacted directly with LA, PPh3
(‡) was rapidly released at room temperature, and several new species were formed, as ob-
served by 31P{1H} NMR spectroscopy (Figure 4.16). The proportions of these new species
changed over the course of approximately two weeks, and only small further changes oc-
curred after subsequently heating the reaction solution to 85 ◦C for 35 hours. In general,
the species produced during this reaction resonate as a series of broad singlets between
24.0–25.0 ppm by 31P{1H} NMR spectroscopy. The 1H NMR spectrum of this reaction
shows a steady disappearance of the resonance corresponding to the hydride ligands in
32, with no new hydride signals being detected, indicating that both hydrides are being
lost simultaneously (Figure 4.17).
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Figure 4.16: Stacked 31P{1H} NMR spectra of reaction between 32 and levulinic acid
over 13 days at room temperature (C6D6, 162 MHz). The daggers (‡) show the release of
PPh3
Unfortunately, upon working up this reaction solution, only the starting material (32)
was isolated pure, precluding the full characterisation of new species being formed during
the reaction. Other attempts at purification gave a mixture of products comprising those
4.6. Mechanistic Investigations 154
	
	

Complex 34!
0 hrs!
24 hrs!
120 hrs!
168 hrs!
192 hrs!
288 hrs!
312 hrs!
Figure 4.17: Stacked 1H NMR spectra showing hydride region of reaction between 32 and
levulinic acid over 13 days at room temperature (C6D6, 162 MHz)
observed during the reaction as well as trace amounts of the carbonyl containing 40, which
presumably formed by the decarbonylation of LA upon heating. Despite being unable to
satisfactorily characterise the new species, the increased reactivity of 32 over 40 toward
LA is evidently due to increased lability of the ligands, evident by the rapid loss of PPh3.
The reactivity of 32 with LA and H2 in the presence of NH4PF6 was investigated, as
32 also displayed much lower catalytic activity under acidic conditions. In contrast to the
carbonyl-containing complexes 40 and 42, when 32 was reacted with NH4PF6 in acetoni-
trile, all of the ligands except for the triphosphine were substituted with solvent, afford-
ing [Ru(NCMe)3(κ
3-NP3
Ph)][PF6]2 (41) with two PF6
− units acting as non-coordinating
counterions (Scheme 4.18). This species could be isolated in a 72% yield if 10 equivalents
of NH4PF6 were used. Interestingly, 41 was also exclusively formed when 32 and NH4PF6
were reacted in a 1:1 molar ratio and could be isolated in 49% yield, indicating reaction
between the second hydride and NH4
+, to produce H2, occurs very rapidly.
The addition of LA to 41 proved relatively unreactivie, with almost no reactivity
towards the cationic component after heating at 50 ◦C for seven days, but the anionic PF6−
unit was gradually consumed (Scheme 4.18). This is similar to the reactivity observed
when a CD2Cl2 solution of 41 is pressurised to four bar H2 and heated to 50
◦C for seven
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days, again, producing no interaction with the cationic component, but slowly converting
PF6
− to an unknown product.
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Scheme 4.18: Reaction of phosphine-dihydride complex 32 with levulinic acid and H2
after initially reacting with NH4PF6 to form 41
The rapid formation of 41 from 32 suggests that a solvent-bound complex similar to
41 may form under the catalytic conditions when 32 is used as a catalytic precursor in
the presence of acid. In addition, the stability of 41 suggests that similar species may
persist during catalysis, and may therefore represent a catalyst deactivation pathway, or
at least temporary removal from the catalytic cycle. The identification of complexes 41
and 44–51 and their observed high stability and consequently low reactivity suggest that
these species are being formed under catalytic conditions and are responsible for the low
catalyst activity when NH4PF6 is included as a catalytic additive.
4.7 Summary & Outlook
Levulinic acid (LA) can be hydrogenated to various products, most interestingly to γ-
valerolactone (γVL), 1,4-pentanediol (1,4-PDO) or 2-methyltetrahydrofuran (2-MTHF).
The conversion to γVL is relatively facile, and consequently new, more robust and selec-
tive catalysts are required in order to realise the transformation of LA to the subsequent
two hydrogenation products: 1,4-PDO and 2-MTHF. The conversion of γVL to 1,4-PDO
involves the addition of two equivalents of H2 and requires a transition metal catalyst
(typically ruthenium). The conversion of 1,4-PDO to 2-MTHF is an acid catalysed de-
hydration reaction, which can be achieved quantitatively using proton donors as weak
as NH4PF6 in the absence of other catalysts if heated at 150
◦C for 25 hours. Stronger
acids such as para-toluenesulfonic acid (p-TsOH) and HNTf2 can also be used, but are
normally superfluous as NH4PF6 is cheaper and easier to handle.
The hydrogenation of LA was evaluated using six homogeneous catalyst systems, and
three acidic co-catalysts where appropriate (for conversion to 2-MTHF). Previously, the
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ruthenium dihydride complex [RuH2(CO)(κ
3-MeCP3
Ph)] (42) had been identified as a
dormant form of the active catalyst for the hydrogenation of LA, formed in situ if a
[Ru(acac)3]/MeCP3
Ph system is used as the pre-catalyst. Under more mild conditions
(150 ◦C vs. 160 ◦C and 65 vs. 100 bar H2) than those previously reported, these catalyst
systems were found to perform considerably worse, in the case of pre-formed 42 shifting
the major product from 1,4-PDO to γVL.
Moving to the nitrogen-centred analogues, [Ru(acac)3]/NP3
Ph and [RuH2(CO)(κ
3-
NP3
Ph)] (40), gave slightly improved results (i.e. greater conversion to 1,4-PDO), but
the major product was still γVL. Substitution of the ancillary CO ligand in pre-formed
complex 40 for a more labile PPh3 ligand: [RuH2(PPh3)(κ
3-NP3
Ph)] (32) significantly im-
proved the catalyst efficacy, resulting in almost quantitative conversion of LA to 1,4-PDO.
Changing the substituents on phosphorus in 32 from phenyl groups to cyclopentyl moi-
eties: [RuH2(PPh3)(κ
3-NP3
Cyp)] (33) did not improve the catalytic performance, shifting
the major product to γVL once more, and also leading to increased side reactions resulting
in significant formation of undesired pentanol.
Conventional sampling techniques were used to monitor the reaction, which was found
to proceed in a sequential manner. LA was converted to γVL in ∼80% yield before
significant amounts of 1,4-PDO were produced. The calculated TON values for production
of γVL (158) and 1,4-PDO (197) using 34 as catalyst demonstrate that this complex is
equally capable of producing either product, but the TOFs, 73 and 13 h−1, respectively,
also reflect the sequential nature of the reaction.
The inclusion of acidic additives in order to convert LA to 2-MTHF was assessed. The
use of either NH4PF6 or p-TsOH was found to be generally detrimental, regardless of
whether pre-formed complexes or in situ generated species were used as the catalyst, and
regardless of whether carbon- or nitrogen-centred ligands were used; in most cases revert-
ing the major product to γVL. Even using 32 that gave almost quantitative conversion
of LA to 1,4-PDO in the absence of acid, afforded predominantly γVL upon the inclu-
sion of NH4PF6. Conversely, the use of HNTf2 as the acidic component did not interfere
with the catalytic performance of the ruthenium species, and any 1,4-PDO generated was
subsequently converted to 2-MTHF, as evident from the high yields of 2-MTHF and only
trace amounts of 14-PDO. Using 32 as the catalyst in conjunction with HNTf2 produced
2-MTHF in 87% yield, making this one of the most active systems for the direct one-pot
conversion of LA to 2-MTHF under such relatively mild conditions. The homogeneous
nature of the catalysts was confirmed by mercury poisoning experiments.
Mechanistic investigations were undertaken to elucidate why 32 performed much bet-
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ter than 40 catalytically, and why NH4PF6 had such detrimental effects on the catalysis.
The increased lability of the coordinated PPh3 ligand in 32 (cf. CO in 40) was shown to
be essential in improving the reactivity between the ruthenium complex and LA, and is
most likely the cause of the increased catalytic activity. This was demonstrated from the
reaction of 32 and LA which showed instantaneous release of free PPh3, while 40 showed
no reaction with LA.
The reaction of NH4PF6 with 40 afforded the cationic monohydride complex [RuH(CO)-
(NCMe)(κ3-NP3
Ph)][PF6] (44) after one hydride ligand is lost as H2 and the solvent
(acetonitrile) coordinates. The analogous reaction is observed for carbon-centred 42,
affording [RuH(CO)(NCMe)(κ3-MeCP3
Ph)][PF6] (45). Both 44 and 45 were found to
react with LA, which coordinates in a bidentate mode upon displacement of the remain-
ing hydride and acetonitrile ligands, affording [Ru(CO)(κ2O-CH3C(O)CH2CH2COO)(κ
3-
NP3
Ph)][PF6] (46) and [Ru(CO)(κ
2O-CH3C(O)CH2CH2COO)(κ
3-MeCP3
Ph)][PF6] (47),
respectively. Importantly, in the presence of NH4PF6 and LA, the ruthenium complexes
lose any coordinated hydride ligands, which are required to initiate the proposed catalytic
cycle.250
If a less coordinating solvent than acetonitrile is used during the reaction of 40 with
NH4PF6, such as THF, the NH3 generated is found to coordinate to the vacant coor-
dination site, affording [RuH(CO)(NH3)(κ
3-NP3
Ph)][PF6] (48). This demonstrates the
potential competition between substrate and acidic additives upon their inclusion. If 40
is reacted directly with a mixture of NH4PF6 and LA, both 48 and 46 are produced in
tandem with another species tentatively assigned as the THF bound [RuH(CO)(THF)(κ3-
NP3
Ph)][PF6] (49). This mixture will slowly convert to predominantly 46 as LA coordi-
nates to ruthenium, but 48 remains unaffected, suggesting that coordination of fragments
derived from the acidic additives may represent deactivation pathways during catalysis.
Complex 32, which was also found to under-perform when NH4PF6 was included,
reacted with this proton donor to afford the solvent-bound [Ru(NCMe)3(κ
3-NP3
Ph)][PF6]2
(41). Complex 41 was found to be highly stable, and did not react with either H2 (four
bar, 50 ◦C, seven days) or LA (50 ◦C, seven days). In general, NH4PF6 was found to
remove all catalytically necessary Ru–H moieties, and afford stabilised cationic ruthenium
species that showed limited reactivity with LA, explaining the low yields observed when
used as a co-catalyst.
Some of the most active systems for the relatively mild one-pot direct conversion of
LA to either 1,4-PDO or 2-MTHF have been identified. Both of these products have
commercial and industrial value, and their generation from sustainable sources such as
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biomass-derived LA is highly desirable. Continued optimisation and mechanistic studies
may allow further catalyst tuning, resulting in increased efficiency and selectivity. The
homogeneous nature of these catalysts makes them very amenable to in-depth mechanistic
studies, while the tridentate coordination of the triphosphine ligands results in complexes
of high thermal stability, allowing their use in reactions that require harsh conditions.
Further studies should be undertaken as this family of ruthenium catalysts offer many
desirable attributes for these, and other traditionally difficult transformations.
Chapter 5
Conclusions & Future Work
“The chemists are a strange class of mortals, impelled by an almost insane
impulse to seek their pleasures amid smoke and vapour, soot and flame,
poisons and poverty; yet among all these evils I seem to live so sweetly that
may I die if I were to change places with the Persian king.”
Johann Joachim Becher
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5.1 Conclusions
This thesis describes the coordination chemistry and catalytic activity of a family of
nitrogen-centred branched triphosphine ligands, with comparisons made to the analogous
carbon-centred analogue, the so-called Triphos ligand. Within this family was included
C 3 symmetric ligands with three identical phosphine arms, as well as a “mixed-arm”
PPN derivative featuring two phosphine arms and one pyridyl moiety. This family of
ligands was easily synthesised using a straight-forward, high yielding synthetic proce-
dure, involving a phosphorus-based Mannich reaction. The lack of previous investigation
into this ligand family is surprising considering their synthesis was first described several
decades ago, as well as the vast amount of academic research that has focused on the
carbon-centred analogues.
The complexation of NP3
R ligands to tungsten(0) precursors was used to assess the
general coordination behaviour of this ligand family. The steric and electronic parameters
of the ligands were quantified via various methods, and interestingly a significant elec-
tronic dependency was observed, rather than this behaviour being entirely dictated by
sterics as was previously thought. Less electron-withdrawing phosphines were found to
coordinate in a tridentate fashion regardless of steric bulk, whilst more electron-donating
phosphines coordinate through two arms. All tungsten complexes were fully characterised
using a range of spectroscopy and analytical techniques: 1H, 13C{1H}, 31P{1H}, and IR
spectroscopies, high-resolution mass spectrometry, and elemental analyses; additionally,
where appropriate 19F NMR spectroscopy and single crystal X-ray crystallography were
performed.
Density functional theory calculations an interaction between nitrogen- and metal-
centred orbitals within the HOMO, which may be contributing to the overall electronic
description of the tungsten complexes. Although computational bonding analysis, as well
as NMR and X-ray crystallography data suggest no formal bond exists between the metal
and apical nitrogen, the additional electron density at the metal centre is indirectly due
to the nitrogen lone pair, which interacts with the three flanking C–P σ* bonds, affecting
metal–phosphine backbonding. These interactions may significantly contribute to the
overall coordination behaviour of the ligands. A reduction in electron density at tungsten
was inferred after quaternisation of the apical nitrogen via protonation from spectroscopic
changes. A statistically significant increase in the W–N and N–C distances in the solid-
state was observed by X-ray diffraction analysis. Since the proposed N–W interaction is
a unique feature of the nitrogen-centred ligands, it could be exploited to access chemical
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reactivity that unavailable to complexes with other Triphos ligands.
A comparative study between NP3
Ph (5) and NP3
Cyp (7) evaluating their coordination
behaviour towards ruthenium(0) and ruthenium(II) precursors was undertaken. Triden-
tate coordination was achieved in all cases, except when the relatively electron-donating
7 was coordinated to the electron-rich ruthenium(0) precursor [Ru3(CO)12], affording a
bidentate complex. All ruthenium complexes were fully characterised using a range of
spectroscopy and analytical techniques: 1H, 13C{1H}, 31P{1H}, and IR spectroscopies,
high-resolution mass spectrometry, and in some cases single crystal X-ray crystallography
was also undertaken.
The reactivity of ruthenium complexes under pressures of H2 was assessed, and a facile
synthesis of ruthenium carbonyl-dihydride complexes featuring a tridentate NP3
Ph ligand
was also established. This methodology circumvents issues with previously published
synthetic strategies that required either highly air- and moisture-sensitive steps, or high
pressures and temperatures.
Three novel ruthenium complexes with NP3
R ligands, as well as a system generated
in situ from NP3
Ph and [Ru(acac)3] were all shown to be active in the hydrogenation of
LA. These were compared to two previously reported systems that incorporate a carbon-
centred MeCP3
Ph ligand. The nitrogen-centred systems were shown to generally perform
on a par or better than the carbon-centred systems, at lower pressures and temperatures.
In the absence of acidic co-catalysts, the complex [RuH2(PPh3)(NP3
Ph)] (32) featuring
a labile PPh3 ancillary ligand was found to convert LA to 1,4-PDO in an almost quan-
titative yield. Other systems displayed lower activity, affording low yields of 1,4-PDO
and moderate yields of the first hydrogenation product, γVL. The inclusion of a strongly
acidic and non-coordinating acidic component (HNTf2) in conjunction with 32 provided
the required acidic conditions to convert LA to 2-MTHF in high yields. Other acidic
co-catalysts, NH4PF6 and p-TsOH, were found to detrimentally interfere with the ruthe-
nium catalysts, most likely by coordinating to the metal centre and therefore preventing
substrate binding.
In conclusion NP3
R ligands have shown interesting coordination behaviour to both
early and late transition metals, and ruthenium complexes have displayed excellent cat-
alytic activity towards the hydrogenation of LA, a traditionally difficult reaction requiring
harsh conditions. Various comparative studies have demonstrated that the apical nitrogen
in the triphosphine ligand is not entirely innocent, and may significantly impact the chem-
istry of these systems. As such, considering NP3
R ligands as direct surrogates of MeCP3
R
ligands is not justified. Further studies on NP3
R systems is warranted, as greater un-
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derstanding of their chemical behaviour may lead to as yet unknown uses. The ease by
which substituents on phosphorus can be changed, allows the facile generation of a family
of ligands, making this motif highly amenable to further studies.
5.2 Future Work
Nitrogen-centred Triphos ligands have not received much academic or industrial attention,
and consequently there is a wide scope for future investigations involving this ligand
motif. The coordination studies with tungsten discussed herein highlighted the potential
significance of a N–M interaction and manipulation of this interaction may result in
different reactivity at the metal centre. Notably this could be achieved by protonation
of the nitrogen, and reactions could be envisaged wherein catalytic activity is altered
by addition of either acid or base, i.e. protonation and deprotonation of the apical
nitrogen. Perhaps in the shorter-term, general reactivity studies of complexes featuring a
quaternised/unquaternised nitrogen should be undertaken. The subtlety of this is in the
identification of an appropriate system, as harsh reagents (e.g. strong acids) are required
to react with nitrogen, and could easily interact with other moieties within the compounds
under study (Scheme 5.1).
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Scheme 5.1: Study of quaternisation/dequaternisation of apical nitrogen
Further coordination studies in general should be undertaken with NP3
R, as there has
currently only been reports of complexes with five different transition metals, and no main
group coordination. Although the current coordination studies are highly informative, and
the coordination behaviour of NP3
R ligands to other metals may be predicable, there is
still value in carrying out these investigations, as hereto unforeseen motifs and complexes
may be achievable. For instance, if the N–M interaction could be electronically stabilising,
then low-coordinate complexes may be accessible using NP3
R ligands (Figure 5.1).
Ruthenium–NP3
R complexes were active catalysts for the hydrogenation of LA. Some
mechanistic studies were undertaken to explain the observed catalytic trends, but many
aspects of the catalytic cycle remain unclear, and further investigation is warranted. The
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Figure 5.1: General structure of potentially accessible low-coordinate species
studies described herein focused on the negative effects, that the inclusion of NH4PF6 as
an acidic co-catalyst had on catalytic activity. However two other acids: p-TsOH and
HNTf2 were also investigated, and showed equally interesting effects on catalyst activity.
Stoichiometric reactions of these acids with each of the catalysts would also yield valuable
insight into the types of species that may form under the catalytic conditions.
These studies would be greatly aided with the use of high-pressure NMR tubes capable
of reaching pressures of >50 bar, as this would allow NMR spectroscopic analysis of the
catalyst and catalyst/substrate mixtures in situ under catalytic conditions. Alternatively,
the adaptation of the current high-pressure reactor set up to accommodate in situ analysis
such as an IR probe would also facilitate mechanistic studies.
Moreover, other catalytic reactions should be considered. The desire to find mild,
efficient and selective catalytic transformations for biogenic esters, lactones, anhydrides,
amides and carboxylic acids is of paramount importance (Figure 5.2). The activity of
ruthenium–NP3
R complexes displayed thus far makes them promising candidates for
further study into other important reactions, especially hydrogenation reactions. Per-
haps most valuable among these possible reactions is the hydrogenation of formates to
methanol, and potentially even CO2 to methanol, which represents a key step in develop-
ing a methanol economy.
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Figure 5.2: Biogenic substrates that could be targeted for future hydrogenation studies
Other catalytic applications can also be envisaged, for instance the activation of silanes
(Figure 5.3A) or potentially the mild production of NH3 via the activation of N2. A key
target in this respect would be formation of complexes of general formula [Mo(N2)(κ
2-
PP)(κ3-NP3
R)] (where PP = diphosphine), as similar species have previously been shown
5.2. Future Work 164
to be highly activating for N2, although catalytic turnover of N2 to NH3 has not been
achieved using these complexes (Figure 5.3B). Alternatively, more biomass-derived cat-
alytic applications may be possible, such as the selective hydrogenolysis of lignin (or lignin
model compounds) that will selectively cleave diaryl ether linkages, whilst not hydrogenat-
ing any aromatic functionality.
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Figure 5.3: Possible methods to activate silanes (A) or N2 (B) using well-defined transition
metal complexes
Research into nitrogen-centred Triphos ligands remains in its infancy, and many pos-
sible avenues for investigation remain unexplored. As with many relatively newly intro-
duced ligand scaffolds, reactivity studies will undoubtedly be reported showing in some
cases these ligands are superior to previously studied systems, while in other cases be-
ing inferior. It is important, however, to determine unique attributes related directly to
the ligand structure, as exploitation of these should lead to ligand-specific reactivity, and
increased academic utility.
Chapter 6
Experimental Section
“You can analyse a glass of water and you’re left with a lot of chemical
components, but nothing you can drink.”
J. B. S. Haldane
165
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6.1 General
6.1.1 Safety Warning
Experiments with compressed gases must be carried out with appropriate equipment and
under rigorous safety precautions.
6.1.2 Conditions and Materials
All preparations were carried out using standard Schlenk line techniques under an inert at-
mosphere of N2 unless otherwise stated. Solvents were dried over standard drying agents,
distilled and stored over activated 3 A˚ molecular sieves.300 All solvents were degassed by
three or more freeze-pump-thaw cycles. All starting materials were of reagent grade and
purchased from either Sigma-Aldrich Chemical Co., VWR International, Strem or Acros
Organics and used without further purification. Compounds 1, 4, 5, 8 and 9 were pre-
pared as previously reported.27,29,31,65 tert-Butyl carbamate,199 [RuCl2(PPh3)3],
253 [RuH2-
(PPh3)4]
251 and [RuCl2(DMSO)4]
252 were prepared as previously reported. Compounds
26–29 and A were studied by DFT and not synthesised. The X-ray crystallographically
determined structure of compound A was previously reported and used as a basis for
calculations,159 while compounds 26–29 are theoretical and have not been previously re-
ported. The yields reported for the syntheses of ligands, and tungsten and ruthenium
complexes were calculated from the amount isolated after purification. The quantities of
each compound present after catalytic and stoichiometric reactions were calculated from
NMR spectra and GC chromatograms using dodecane as an internal standard.
6.1.3 Instrumentation
1H, 13C{1H}, 31P[1H] and 31P{1H} NMR spectra were recorded on Bruker AV-400, AV-
500 and DRX-400 spectrometers at 22 ◦C unless otherwise stated. Chemical shifts are
reported in parts per million using the residual proton impurities in the solvents for 1H
NMR spectroscopy, the solvent for 13C{1H} NMR spectroscopy and an external H3PO4
standard for 31P{1H} NMR spectroscopy. NMR-scale experiments were performed by Mr.
Peter Haycock on a Bruker AV-400 spectrometer. Pseudo-doublets, triplets and doublets-
of-triplets that occur as a result of identical J value coupling to two or more chemically
nonequivalent nuclei are assigned as dd, dt, or ddd and are recognised by the inclusion
of only one or two J -coupling values. 13C{1H} NMR spectra were assigned with the aid
of DEPT-135, HSQC and HMBC correlation experiments. Spectra were processed and
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analysed using MestraNova software. Infrared spectra were recorded on a Perkin-Elmer
Spectrum 100 FT-IR spectrometer. High pressure reactions were conducted in a 100 mL
Autoclave Engineer high pressure reactor, with a custom built PTFE inner-sleeve to pro-
tect the stainless steel vessel from corrosion. Mass spectrometry analyses were conducted
by the Mass Spectrometry Service, Imperial College London on a Waters LCT Premier.
Elemental analyses were carried out by Mr. Stephen Boyer of the Department of Health
and Human Science, London Metropolitan University. Gas chromatography (GC) anal-
ysis was performed with a Hewlett-Packard 5890 Series II Gas Chromatrograph using
dodecane as an internal standard. A volume of 1 µL of a 1 mL sample was used for GC
analysis, which contained 300 µL of the catalytic reaction mixture, 100 µL of a 1.0 M
solution of dodecane in THF and an additional 600 µL THF. X-ray diffraction analyses
were carried out by Dr. Andrew White of the Department of Chemistry at Imperial Col-
lege London using Oxford Diffraction Xcalibur 3 or Oxford Diffraction Xcalibur PX Ultra
X-ray diffractometer, and the structures were refined using the SHELXTL, SHELX-97
and SHLX-2013 program systems.301–303 Further details of single-crystal X-ray diffraction
analysis can be found in Appendix A.
6.1.4 Density Functional Theory Calculations
All calculations were performed with the Gaussian09 package.304 The B3LYP functional305,306
was used throughout, with the MWBN basis set and pseudo-potential for W (N = 60) and
Ru (N = 28) and 6-31G* for all other atoms.307,308 The structures were energy minimised
until all optimisation criteria were achieved, and frequency analysis of the optimised struc-
tures confirmed a true minimum energy structure by the absence of imaginary frequencies.
Natural Bond Order (NBO) analysis was performed on the fully optimised geometries.
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6.2.1 Diisopropyl(hydroxymethyl)phosphonium Chloride (2)
P+
OH
OH
Cl–
Compound 2 has been reported,33 but was prepared previously to this
report via a similar procedure: to a Schlenk flask was added diiso-
propylphosphine (3.00 g, 25.4 mmol), degassed aqueous formaldehyde
solution (35 wt %, 4.02 mL, 50.8 mmol), and degassed concentrated
HCl (37 wt %, 2.12 mL, 25.4 mmol). The mixture was stirred at room
temperature for 18 hours. The solvent was removed in vacuo and the resultant residue
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washed with diethyl ether (4 × 15 mL) and dried in vacuo affording a white powder (4.73
g, 22.0 mmol, 87%). 1H NMR (CDCl3, 400 MHz) δ: 1.45 (d, 12H,
3JHH = 14.4 Hz, CH3),
2.66 (s, 2H, CH), 4.69 (s, 4H, CH2).
31P{1H} NMR (CDCl3, 162 MHz) δ: 34.7 (s). MS
(ES): m/z found 149 (100%), 179 (10%).
6.2.2 Dicyclopentyl(hydroxymethyl)phosphonium Chloride (3)
P+
OH
OH
Cl–
To a Schlenk flask was added dicyclopentylphosphine (1.00 g, 5.87
mmol), degassed aqueous formaldehyde solution (35 wt %, 1.10 mL,
13.9 mmol), and degassed concentrated HCl (37 wt %, 0.53 mL, 6.35
mmol). The solution was stirred for 20 minutes at room temperature.
Solvent was removed to give a viscous gum that was subsequently
crystallised from acetone after being cooled to −5 ◦C to initiate crys-
tallisation. A white crystalline solid was obtained that was filtered while cold, washed
with diethyl ether (3 × 2 mL), and dried in vacuo (683 mg, 2.56 mmol, 44%). 1H NMR
(CDCl3, 400 MHz) δ: 1.60–2.20 (m, 16H, CH2
Cyp), 2.49–2.62 (m, 2H, CHCyp), 4.62 (s, 4H,
PCH 2OH), 5.21 (br s, 2H, OH).
13C{1H} NMR (CDCl3, 101 MHz) δ: 26.0 (d, 2JCP = 9.6
Hz, CH2
Cyp), 27.6 (s, CH2
Cyp), 27.8 (d, 1JCP = 40.8 Hz, CH
Cyp), 51.2 (d, 1JCP = 54.0 Hz,
PC H2OH).
31P{1H} NMR (CDCl3, 162 MHz) δ: 31.8 (s). HRMS (ES): m/z calcd. for
C12H24O2P ([M–Cl]
+) 231.1513, found 231.1509. Anal. calcd. for C12H24O2PCl (found):
C, 54.03 (54.16); H, 9.07 (8.94).
6.2.3 N-triphosiPr (NP3
iPr) (6)
N
(iPr)2P
P(iPr)2
P(iPr)2
Compound 6 has been reported,33 but was prepared previously to
this report via a similar procedure: Method A. In a Schlenk flask
were placed diisopropyl(hydroxymethyl)phosphonium chloride (766
mg, 3.57 mmol), NEt3 (2.00 mL, 14.3 mmol) and methanol (5 mL),
and the solution was stirred for one hour at room temperature. A
methanolic solution of NH3 (2 M, 0.60 mL, 1.20 mmol) was added and the mixture was
stirred at room temperature for 137 hours. The solvent and volatiles were removed in
vacuo and the resultant residue was extracted with hexane (3 × 15 mL). Removal of the
solvent in vacuo afforded a colourless oil (301 mg, 0.780 mmol, 65%). 1H NMR (CDCl3,
400 MHz) δ: 0.94–1.03 (m, 36H, CH3
iPr), 1.63–1.74 (m, 6H, CHiPr), 2.75 (s, 6H, NCH 2P).
13C{1H} NMR (CDCl3, 101 MHz) δ: 19.6 (m, CH3iPr), 23.1 (d, 1JCP = 11.7 Hz, CHiPr),
55.3 (m, NC H2P).
31P{1H} NMR (CDCl3, 162 MHz) δ: −9.18 (s).
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Method B. To a Schlenk flask was added diisopropylphosphine (1.00 g, 8.46 mmol)
and methanol (5 mL). Degassed aqueous formaldehyde solution (35 wt %, 0.90 mL, 11.4
mmol) was added, and the solution was stirred under reflux for two hours, before being
allowed to stand at room temperature for two days, resulting in phase separation of 6
from the solvent. The colourless oil was isolated via cannula, washed with methanol (3 ×
2 mL) and dried in vacuo to afford analytically pure 6 with characterisation data identical
with those produced via method A (612 mg, 1.50 mmol, 53%).
6.2.4 N-triphosCyp (NP3
Cyp) (7)
N
Cyp2P
PCyp2
PCyp2
Method A. To a Schlenk flask was added dicyclopentylphosphine
(1.00 g, 5.87 mmol) and methanol (5 mL). Degassed aqueous formalde-
hyde solution (35 wt %, 0.60 mL, 7.57 mmol) was added, and the so-
lution was stirred for three hours at room temperature. A methanolic
solution of NH3 (2 M, 0.98 mL, 1.96 mmol) was then added and the
solution brought to reflux for four hours, forming an opaque emulsion. The solution was
placed in a freezer overnight, which resulted in the formation of a white crystalline pre-
cipitate (651 mg, 1.15 mmol, 59%). 1H NMR (C6D6, 400 MHz) δ: 1.42–2.09 (m, 54H,
Cyp), 3.19 (s, 6H, NCH 2P).
13C{1H} NMR (C6D6, 101 MHz) δ: 26.5 (d, 2JCP = 6.9 Hz,
CH2
Cyp), 26.8 (d, 2JCP = 7.0 Hz, CH2
Cyp), 30.9 (d, 3JCP = 1.8 Hz, CH2
Cyp), 31.0 (br s,
CH2
Cyp), 36.1 (d, 1JCP = 12.5 Hz, CH
Cyp), 58.4 (m, NC H2P).
31P{1H} NMR (CDCl3,
162 MHz) δ: −18.5 (s). HRMS (ES): m/z calcd. for C33H61NP3O ([M+HO3]+) 612.3864,
found 612.3871. Anal. calcd. for C33H60NP3 (found): C, 70.30 (70.25); H, 10.73 (10.67);
N, 2.49 (2.54).
Method B. In a Schlenk flask were placed dicyclopentyl(hydroxymethyl)phosphonium
chloride (626 mg, 2.35 mmol), NEt3 (0.76 mL, 5.45 mmol) and methanol (10 mL), and
the solution was stirred for 10 minutes at room temperature. Subsequent addition of
a methanolic solution of NH3 (2 M, 0.39 mL, 0.780 mmol) to the solution and stirring
under reflux for two hours resulted in an opaque emulsion, which when left in the freezer
overnight caused precipitation of the product as a white powder. The powder was washed
with methanol (3 × 2 mL) and dried in vacuo to afford analytically pure 7 with char-
acterisation data identical with those produced via method A (98.9 mg, 0.175 mmol,
45%).
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6.2.5 N-triphosF2Ph (NP3
F2Ph) (10)
N
P
P
P
F F
F
F
F F
F
F
FF
F
F
To a Schlenk flask was added di(3,5-difluorophenyl)-
phosphine (2.02 g, 7.81 mmol) and methanol (5 mL).
Degassed aqueous formaldehyde solution (35 wt %, 0.80
mL, 10.1 mmol) was added, and the solution was stirred
for one hour at room temperature and 30 minutes at 50
◦C. A methanolic solution of NH3 (2 M, 1.30 mL, 2.60
mmol) was then added and the temperature raised to 80
◦C and stirred for 10 hours. Upon cooling to room tem-
perature the solution became cloudy and a white gum
settled at the bottom of the Schlenk flask. The solvent and volatiles were removed in
vacuo and the resultant gummy residue was treated with hexane (5 mL) and stirred,
causing the gum to solidify as a white powder, which was isolated via cannula. The
powder was washed with hexane (3 × 5 mL) and dried in vacuo (1.34 g, 1.61 mmol,
62%). 1 H NMR (CDCl3) δ: 3.69 (d, 6H,
2JHP = 4.9 Hz, NCH 2P), 6.77 (tt, 6H,
3JHF =
8.8 Hz, 4JHH = 2.3 Hz, CH
para−Ph). 13C{1H} NMR (CDCl3, 101 MHz) δ: 59.2–59.4 (m,
NC H2P), 105.3 (t,
2JCF = 25.1 Hz, CH
para−Ph), 115.4–115.9 (m, CHortho−Ph), 139.8–140.0
(m, CFmeta−Ph), 163.0 (dt, 1JCP = 253.7 Hz, 3JCP = 11.1 Hz, Cipso−Ph). 31P{1H} NMR
(CDCl3, 162 MHz) δ: −24.81 (s). 19F NMR (CDCl3, 376 MHz) δ: −108.1 – −108.2 (m).
HRMS (ES): m/z calcd. for C39H25NP3F12 ([M+H]
+) 828.1008, found 828.1024. Anal.
calcd. for C39H24NP3F12 (found): C, 56.61 (56.56); H, 2.92 (2.87); N, 1.69 (1.73).
6.2.6 N-triphosCF3Ph (NP3
CF3Ph) (11)
N
P
P
P
F3C CF3
F3C
F3C
CF3 CF3
CF3
CF3
CF3
C
F3C
CF3
F3
To a Schlenk flask was added di(3,5-trifluoromethyl)-
phenylphosphine (2.00 g, 4.37 mmol) and methanol (10
mL). Degassed aqueous formaldehyde solution (35 wt %,
0.45 mL, 5.68 mmol) was added, and the solution was
stirred for 90 minutes at 50 ◦C. A methanolic solution
of NH3 (2 M, 0.73 mL, 1.46 mmol) was then added and
the temperature raised to 75 ◦C and stirred for 10 hours.
Upon cooling to room temperature the solution became
cloudy. The solvent and volatiles were removed in vacuo
and the resultant residue was washed with hexane (3 × 10 mL), affording a white powder
that was dried in vacuo. 31P{1H} NMR spectroscopy revealed some impurities remained
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(18%) that could not be purified (crude yield: 378 mg, 0.264 mmol, 18%). Attempts to
obtain more product from hexane washings by crystallisation or column chromatography
failed. 1H NMR (CDCl3, 400 MHz) δ: 3.88 (d, 6H,
2JHP = 4.4 Hz, NCH 2P), 7.76 (dd,
12H, 3JHP = 6.8 Hz,
4JHP = 1.1 Hz, CH
ortho−Ph), 7.86 (s, 6H, CHpara−Ph). 31P{1H} NMR
(CDCl3, 162 MHz) δ: −26.3 (s). 19F NMR (CDCl3, 376 MHz) δ: −63.2 (s). HRMS (ES):
m/z calcd. for C51H25NF36P3 ([M+H]
+) 1428.0625, found 1428.0837. Anal. calcd. for
C51H24NF36P3 (found): C, 42.91 (42.86); H, 1.69 (1.64); N, 0.98 (1.02).
6.2.7 N,N -bis(diphenylphosphinomethyl)amine (12-H)
N
P
H
P
To a solution of tert-butyl carbamate (342 mg, 2.92 mmol) in
methanol (30 mL) was added 1 (1.83 g, 6.48 mmol) and NEt3 (2.50
mL, 17.9 mmol) and the solution stirred under reflux for 12 hours.
After cooling the room temperature the solution was brought to dry-
ness in vacuo, affording an opaque oil. The addition of diethyl ether
(20 mL) caused precipitation of NEt3Cl, which was removed via can-
nula filter and the filtrate brought to dryness in vacuo affording N,N -
bis(diphenylphosphinomethyl)-tert-butyl carbamate as a colourless oil
(1.19 g, 2.32 mmol, 79%). 31P{1H} NMR (CDCl3, 162 MHz) δ: −9.97 (s). N,N -
bis(diphenylphosphinomethyl)-tert-butyl carbamate (1.17 g, 2.28 mmol) was dissolved in
CH2Cl2 (20 mL) and cooled to 0
◦C. A solution of TFA (13.00 mL, 170 mmol) in CH2Cl2
(20 mL) at 0 ◦C was added dropwise over 15 minutes, before the solution was allowed to
warm to room temperature and stirred for two hours. The solvent was removed in vacuo
affording a pale yellow oil. A degassed saturated solution of NaHCO3 (30 mL) was added,
instantly forming a white precipitate, which was isolated via cannula filtration, washed
with degassed water (3 × 2 mL) and dried in vacuo (566 mg, 1.37 mmol, 60%). 1H NMR
(CD2Cl2, 400 MHz) δ: 3.79 (d, 4H
2JHP = 3.4 Hz, NCH 2P), 4.09 (t, 1H,
3JHP = 5.8 Hz,
NH), 7.19–7.58 (m, 20H, Ph). 31P{1H} NMR (CD2Cl2, 162 MHz) δ: −29.2 (s).
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6.2.8 N(CH2PCyh2)2(C5H4N) (14)
N
N
P
P
A
B
C
D
To a Schlenk flask was added dicyclohexylphosphine (5.00
g, 25.5 mmol) and methanol (8 mL). Degassed aqueous
formaldehyde solution (35 wt %, 2.62 mL, 33.1 mmol) was
added, and the solution was stirred for two hours at room
temperature. Toluene (13 mL) and 2-aminopyridine (1.20 g,
12.8 mmol) were added and the solution stirred under re-
flux for 20 hours. The solvent and volatiles were removed in
vacuo and the resultant residue was recrystallised from boil-
ing DMF, affording colourless crystals that were isolated, washed with DMF and dried
in vacuo (2.09 g, 4.06 mmol, 32%). 1H NMR (CDCl3, 400 MHz) δ: 1.11–1.83 (m, 44H,
Cyh), 4.05 (d, 4H, 2JHP = 1.3 Hz, NCH 2P), 6.44–6.47 (m, 1H, HD), 6.65 (m, 1H, HB),
7.37–7.41 (m, 1H, HC), 8.10–8.12 (m, 1H, HA).
13C{1H} NMR (CDCl3, 101 MHz) δ: 26.5
(s, CH2
Cyh), 27.4 (dd, J = 9.2 Hz, J = 3.5 Hz, CH2
Cyh), 29.8 (d, J = 11.2 Hz, CH2
Cyh),
30.0 (d, J = 10.6 Hz, CH2
Cyh), 32.7 (d, J = 14.5 Hz, NC H2P), 107.3 (s, CB/D), 111.3
(s, CB/D), 136.8 (s, CC), 147.5 (s, CA).
31P{1H} NMR (CDCl3, 162 MHz) δ: −12.2 (s).
HRMS (ES): m/z calcd. for C31H53N2P2 ([M+H]
+) 515.3684, found 515.3670.
6.2.9 Preparation of Phosphine Selenides
N
R2P
P
PR2
Se
Se
Se
R2
To prepare phosphine selenides, a NMR sample of the ligand
(∼10 mg) was dissolved in CDCl3 (1 mL) and excess elemen-
tal selenium was added (3–5 mg). The suspension was shaken
at room temperature for several minutes filtered through a
small pad of celite to remove excess selenium and the filtrate
analysed by 1H and 31P{1H} NMR spectroscopy.
6.2.10 [W(CO)3(κ
3-NP3
Ph)] (16)
Ph2P
W
PPh2
N
OC CO
CO
PPh2
To a suspension of 5 (320 mg, 0.523 mmol) in DMF (10 mL) was
added [W(CO)6] (178 mg, 0.506 mmol), and the mixture was stirred
at 155 ◦C for 12 hours. The solution turned dark and homogeneous.
The solvent was removed in vacuo, affording a grey residue that was
treated with boiling CHCl3 (7 mL), filtered and the filtrate layered
with methanol (10 mL). Crystals suitable for X-ray diffraction grew
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overnight and were isolated via cannula filtration, washed with methanol (3 × 3 mL)
and dried in vacuo (180 mg, 0.204 mmol, 39%). 1H NMR (CDCl3, 400 MHz) δ: 4.03
(s, 6H, NCH 2P), 7.06–7.14 (m, 12H, CH
Ph), 7.16–7.23 (m, 6H, CHPh), 7.23–7.32 (m,
12H, CHPh). 13C{1H} NMR (CDCl3, 101 MHz) δ: 53.8 (s, NC H2P), 128.3 (s, CHPh),
129.1 (s, CHPh), 132.1 (q, JCP = 3.6 Hz, CH
Ph), 137.8 (s, CHipso−Ph), 211.9 (s, CO).
31P{1H} NMR (CDCl3, 162 MHz) δ: −21.3 (s) with 183W satellites (d, 1JP183W = 205.3
Hz). FT-IR (ν/cm−1): carbonyl stretches 1816, 1844, 1928. HRMS (ES): m/z calcd. for
C42H37NO3P3
184W ([M+H]+) 880.1496, found 880.1481. Anal. calcd. for C42H36NO3P3W
(found): C, 57.36 (57.27); H, 4.13 (4.19); N, 1.59 (1.58).
6.2.11 [W(CO)4(κ
2-NP3
Ph)] (17)
W
N
PPh2
CO
CO
PPh2
PPh2
OC
OC
To a solution of 5 (433 mg, 0.709 mmol) in CH2Cl2 (25 mL) was added
[W(CO)4(pip)2] (330 mg, 0.708 mmol), and the solution stirred at 50
◦C for four hours. After cooling to room temperature the solution was
concentrated to ∼5 mL, diluted with methanol (20 mL) and concen-
trated to half the original volume, causing precipitation. A further
portion of methanol (10 mL) was added to fully precipitate the prod-
uct as an off-white powder. The powder was isolated via cannula
filtration, washed with methanol (5 mL) and dried in vacuo. The product was recrys-
tallised by layering methanol (5 mL) over a CHCl3 solution (3 mL) and allowing to sit
at room temperature overnight. The colourless crystals that grew were isolated, washed
with methanol (3 mL) and dried in vacuo (187 mg, 0.206 mmol, 29%). 1H NMR (CDCl3,
400 MHz) δ: 3.50 (d, 2H, 2JHP = 2.5 Hz, NCH 2P), 3.66 (s, 4H, NCH2P), 7.23–7.57 (m,
30H, Ph). 13C{1H} NMR (CDCl3, 126 MHz) δ: 62.0–62.6 (m, NC H2P-coordinated),
68.4–68.6 (m, NC H2P-uncoordinated), 128.3 (t, JCP = 4.6 Hz, CH
Ph), 128.9 (d, JCP =
6.8 Hz, CHPh), 129.2 (s, CHPh), 129.9 (s, CHPh), 132.6 (t, JCP = 5.3 Hz, CH
Ph), 133.2
(s, CHPh), 133.3 (s, CHPh), 136.7–137.2 (m, CPh), 201.8 (t, 2JCP = 7.1 Hz, CO).
31P{1H}
NMR (CDCl3, 162 MHz) δ: −29.9 (s, P-uncoordinated), −2.42 (s, 2P, P-coordinated)
with 183W satellites (d, 1JP183W = 224.0 Hz). FT-IR (ν/cm
−1): carbonyl stretches 1865,
1881, 1930, 2022. HRMS (ES): m/z calcd. for C43H37NO4P3
184W ([M+H]+) 908.1445,
found 908.1555. Anal. calcd. for C43H36NO4P3W (found): C, 51.91 (51.82); H, 4.00
(4.15); N, 1.54 (1.60).
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6.2.12 [W(CO)3(κ
3-HNP3
Ph)][BF4] (18)
Ph2P
W
PPh2
N+
OC CO
CO
PPh2
[BF4]H
To a solution of 16 (246 mg, 0.279 mmol) in CH2Cl2 (10 mL) was
added an aqueous HBF4 solution (48 wt %, 2.5 mL, 19.1 mmol) and
the solution was stirred at room temperature for 14 hours. The sol-
vent was removed in vacuo and resultant powder was washed with
diethyl ether (3 × 5 mL), partially dissolved in CH2Cl2 (15 mL), fil-
tered, and the filtrate layered with diethyl ether (15 mL). Colourless
crystals suitable for X-ray diffraction grew overnight, which were iso-
lated, washed with diethyl ether (3 × 5 mL) and dried in vacuo (174 mg, 0.180 mmol,
64%). 1H NMR (CD2Cl2) δ: 4.22 (s, 6H, NCH 2P), 7.12–7.23 (m, 12H, CH
Ph), 7.23–
7.36 (m, 18H, CHPh). 13C{1H} NMR (CD2Cl2, 101 MHz) δ: 51.7–52.2 (m, NC H2P),
129.5 (m, CHPh), 131.0 (s, CHpara−Ph), 131.9 (m, CHPh), 134.6–135.0 (m, CHortho−Ph),
209.6–209.8 (m, CO). 31P{1H} NMR (CD2Cl2, 162 MHz) δ: −10.0 (s) with 183W satel-
lites (d, 1JP183W = 219.6 Hz).
19F NMR (CD2Cl2, 376 MHz) δ: −150.6 (s, BF4). FT-IR
(ν/cm−1): carbonyl stretches 1846, 1880, 1947; CH bends 3061, 3129. HRMS (ES): m/z
calcd. for C42H37NO3P3
184W ([M–BF4]
+) 880.1496, found 880.1513. Anal. calcd. for
C42H37NO3BF4P3W (found): C, 52.15 (52.07); H, 3.86 (3.93); N, 1.45 (1.50).
6.2.13 [W(CO)3(κ
3-NP3
F2Ph)] (19)
R2P
W
PR2
N
OC CO
CO
PR2
R  =
F
F
To a suspension of 10 in DMF (5 mL) was added [W(CO)6]
(301 mg, 0.363 mmol), and the solution slowly heated to 155
◦C (heating too rapidly causes [W(CO)6] to sublime) and
stirred at this temperature for 13 hours. After allowing to
cool to room temperature the solvent was removed in vacuo
to afford a pale yellow powder that was partially dissolved
in CH2Cl2 (5 mL), filtered, and the remaining powder was washed with a further 1 mL
CH2Cl2. The combined filtrate and washings were taken to dryness in vacuo, and the
resultant powder was recrystallised from boiling CHCl3, affording off-white crystals suit-
able for X-ray diffraction that were isolated, washed with methanol (2 × 3 mL) and
dried in vacuo (142 mg, 0.129 mmol, 36%). 1H NMR (CDCl3, 400 MHz) δ: 4.01 (s,
6H, NCH 2P), 6.64–6.73 (m, 12H, CH
ortho−Ph), 6.77 (tt, 6H, 3JHF = 8.4 Hz, 4JHH 1.9 Hz,
CHpara−Ph). 13C{1H} NMR (CDCl3, 101 MHz) δ: 55.1 (m, NC H2P), 106.0 (t, 2JCF = 25.2
Hz, CHpara−Ph), 114.6 (dm, 2JCP = 18.7 Hz, CHortho−Ph), 140.4–141.1 (m, CFmeta−Ph),
162.8 (dm, 1JCP = 254.9 Hz, CH
ipso−Ph), 208.9–209.3 (m, CO). 31P{1H} NMR (CDCl3,
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162 MHz) δ: 17.8 (s) with 183W satellites (d, 1JP183W = 215.4 Hz).
19F NMR (CDCl3, 376
MHz) δ: −106.2 (t, 3JFH = 7.1 Hz, CFPh). FT-IR (ν/cm−1): carbonyl stretches 1840,
1923. HRMS (ES): m/z calcd. for C42H25NO3F12P3
184W ([M+H]+) 1096.0365, found
1096.0339. Anal. calcd. for C42H24NO3F12P3W (found): C, 46.05 (45.98); H, 2.21 (2.18);
N, 1.28 (1.35).
6.2.14 [W(CO)4(κ
2-NP3
F2Ph)] (20)
R  =
F
FW
PR2
CO
OC
OC
CO
PR2
N
PR2
To a solution of 10 (201 mg, 0.243 mmol) in CH2Cl2 (15
mL) was added [W(CO)4(pip)2] (113 mg, 0.242 mmol) and
the mixture stirred at 55 ◦C for five hours. Attempts to pu-
rify the resultant product mixture by crystallisation failed,
producing only crystals of 19. Attempts to purify by col-
umn chromatography also failed. 31P{1H} NMR (CDCl3, 162
MHz) δ: −26.1 (s), 3.39 (s) with 183W satellites (d, 1JP183W
= 235.2 Hz). FT-IR (ν/cm−1): carbonyl stretches 1839, 1858, 1937.
6.2.15 [W(CO)4(κ
2-NP3
iPr)] (21)
W
P
CO
OC
OC
CO
PiPr2
N
PiPr2
iPr2
To a solution of 6 (810 mg, 1.99 mmol) in DMF (5 mL) was added
[W(CO)6] (700 mg, 1.99 mmol) and the solution heated to 100
◦C
for two hours. The solvent was removed in vacuo and the resultant
yellow residue dissolved in CHCl3 (0.5 mL) and layered with methanol
(3 mL). White crystals suitable for X-ray diffraction grew overnight,
which were isolated, washed with methanol (3 × 2 mL) and dried in
vacuo (367 mg, 0.538 mmol, 27 %). 1H NMR (CDCl3, 500 MHz) δ:
1.05–1.11 (m, 12H, CH3
iPr), 1.19–1.26 (m, 24H, CH3
iPr), 1.72–1.81 (doublet-of-heptet, 2H,
3JHH = 7.1 Hz,
2JHP = 2.2 Hz, CH
iPr), 2.08–2.18 (overlapping doublet-of-heptet, 4H, J
= 7.2 Hz, CHiPr), 2.68 (s, 2H, NCH 2P), 2.95 (s, 4H, NCH 2P).
13C{1H} NMR (CDCl3,
126 MHz) δ: 18.9 (s, CH3
iPr), 19.2 (d, 2JCP = 11.1 Hz, CH3
iPr), 19.7 (s, CH3
iPr), 19.8 (s,
CH3
iPr), 23.0 (d, 1JCP = 12.2 Hz, CH
iPr), 28.6 (t, 1JCP = 11.8 Hz, CH
iPr), 57.4–57.8 (m,
NC H2P-coordinated), 62.6–62.9 (m, NC H2P-uncoordinated), 203.6 (m, CO), 205.7–205.8
(m, CO). 31P{1H} NMR (CDCl3, 162 MHz) δ: −9.22 (s, 1P, P-uncoordinated), 9.99 (s, 2P,
P-coordinated) with 183W satellites (d, 1JP183W = 218.3 Hz). FT-IR (ν/cm
−1): carbonyl
stretches 1852, 1894, 2000. MS (ES): m/z 574 (100%), 576 (85%), 572 (75%), 675 (5%).
Anal. calcd. for C25H27NO4P3W (found): C, 44.01 (43.94); H, 3.99 (3.94); N, 2.05 (2.16).
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6.2.16 [W(CO)4(κ
2-NP2
Cyp)] (22)
W
PCyp2
CO
OC
OC
CO
PCyp2
N
PCyp2
To a suspension of 7 (380mg, 0.674 mmol) in DMF (15 mL) was added
[W(CO)6] (237 mg, 0.674 mmol) and the solution slowly heated to 155
◦C (heating too rapidly causes [W(CO)6] to sublime) and stirred at
this temperature for 30 hours. The solvent was removed in vacuo and
the resultant residue was dissolved in CHCl3 (3 mL) and layered with
methanol (7 mL). Crystals suitable for X-ray diffraction were grown
over two days, which were isolated, washed with methanol (2 × 3 mL)
and dried in vacuo (268 mg, 0.312 mmol, 46%). 1H NMR (CDCl3, 400 MHz) δ: 1.28–
1.47 (m, 4H, CH2
Cyp), 1.47–2.02 (m, 46H, CH2
Cyp and CHCyp-uncoordinated), 2.10–2.29
(m, 4H, CHCyp-coordinated), 2.72 (s, 2H, NCH 2P), 2.92 (s, 4H, NCH 2P).
13C{1H} NMR
(CDCl3, 101 MHz) δ: 26.0 (t, JCP = 4.3 Hz, CH2
Cyp), 26.1 (d, JCP = 6.2 Hz, CH2
Cyp),
26.4 (t, JCP = 4.4 Hz, CH2
Cyp), 26.5 (d, JCP = 7.1 Hz, CH2
Cyp), 29.1 (s, CH2
Cyp), 29.7 (s,
CH2
Cyp), 30.5 (t, JCP = 13.1 Hz, CH2
Cyp), 35.4 (d, JCP = 11.6 Hz, CH
Cyp-uncoordinated),
39.9 (t, 2JC183W = 56.2 Hz, JCP = 12.5 Hz, CH
Cyp-coordinated), 59.2–59.6 (m, NC H2P-
coordinated), 65.1 (m, NC H2P-uncoordinated), 203.0 (t,
2JCP = 7.1 Hz, CO
cis), 205.9
(t, 2JCP = 7.8 Hz, CO
trans). 31P{1H} NMR (CDCl3, 162 MHz) δ: −19.3 (s, 1P, P-
coordinated), 3.48 (s, 2P, P-coordinated) with 183W satellites (d, 1JP183W = 222.4 Hz).
FT-IR (ν/cm−1): carbonyl stretches 1854, 1864, 1887, 2000. HRMS (ES): m/z found
876.3273. Anal. calcd. for C37H60NO4P3W (found): C, 51.70 (51.59); H, 7.04 (6.93); N,
1.63 (1.72).
6.2.17 [W(CO)4(κ
2P-{N(CH2PCyp2)2(CH2P(O)Cyp2)})] (23)
W
PCyp2
CO
OC
OC
CO
PCyp2
N
PCyp2
O
In a Young’s tap NMR tube, 22 was suspended in d6-DMSO (0.7
mL) and the suspension heated to 100 ◦C for 10 hours, before the
mixture was analysed by 1H and 31P{1H} NMR spectroscopy (at 100
◦C to ensure the solution was homogeneous). The NMR sample was
heated between 110–150 ◦C in 10 ◦C increments, for two hours at each
temperature, and the formation of 23 was observed by NMR spec-
troscopy. Slow evaporation of the DMSO solution in air afforded pale
yellow crystals suitable for X-ray diffraction. 31P{1H} NMR (CDCl3,
162 MHz) δ: 4.69 (s) with 183W satellites (d, 1JP183W = 221.7 Hz), 50.5 (s, P=O).
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6.2.18 [W(CO)4(κ
2-PPNCyh)] (24)
W
PCyh2
CO
OC
OC
CO
PCyh2
N
N
AB
C
D
To a suspension of 14 (1.09 g, 1.34 mmol) in DMF (15 mL) was added
[W(CO)6] (472 mg, 1.34 mmol) and the solution slowly heated to 110
◦C (heating too rapidly causes [W(CO)6] to sublime) and stirred at
this temperature for 20 hours. After cooling to room temperature the
solvent was removed in vacuo and the resultant residue dissolved in
toluene and layered with methanol. Crystals suitable for X-ray diffrac-
tion grew over two days, which were isolated via cannula, washed with
methanol (2 × 2 mL) and dried in vacuo (520 mg, 0.642 mmol, 48%).
1H NMR (CDCl3, 400 MHz) δ: 1.11–2.18 (m, 44H, Cyh), 4.16 (s, 4H, NCH 2P), 6.58–6.64
(m, 2H, HB,D), 7.46–7.52 (m, 1H, HC), 8.11-8.15 (m, 1H, HA).
13C{1H} NMR (CDCl3, 101
MHz) δ: 26.3 (s, CH2
Cyh), 27.5 (dt, J = 30.3 Hz, J = 4.3 Hz, CH2
Cyh), 28.7 (s, CH2
Cyh),
29.8 (s, CH2
Cyh), 47.6 (m, NC H2P), 106.3 (s, CB/D), 113.4 (s, CB/D), 137.6 (s, CC), 147.7
(s, CA).
31P{1H} NMR (CDCl3, 162 MHz) δ: 5.79 (s) with 183W satellites (d, 1JP183W =
218.5 Hz). HRMS (ES): m/z calcd. for C35H53N2O4P2
184W ([M+H]+) 811.2990, found
811.2979. Anal. calcd. for C35H52N2O4P2W (found): C, 51.86 (51.75); H, 6.47 (6.37); N,
3.46 (3.28).
6.3 Chapter 3 Experimental
6.3.1 [Ru(tmm)(κ3-NP3
Ph)] (30)
Ru
Ph2P
N
PPh2
PPh2
To a solution of 5 (357 mg, 0.584 mmol) in toluene (5 mL) was added
[Ru(methylallyl)2(cod)] (187 mg, 0.585 mmol), and the solution was
stirred under reflux for 90 hours. Within minutes the colourless solu-
tion turned yellow and effervescence was observed. The product was
observed to precipitate during the course of the reaction as an off-
white powder that was highly insoluble in many solvents, hindering
characterisation and prohibiting collection of a 13C{1H} NMR spectrum. The precipitate
was isolated via cannula filter, washed with toluene (3 × 3 mL), and dried in vacuo (259
mg, 0.338 mmol, 58%). Crystals suitable for X-ray diffraction analysis were grown from a
dilute toluene solution at room temperature over five days. 1H NMR (C6D6, 400 MHz, 80
◦C) δ: 2.10 (s, 6H, CH2tmm), 3.92 (s, 6H, NCH 2P), 6.75–7.09 (m, 25H, Ph), 7.35–7.49 (m,
5H, Ph). 31P{1H} NMR (C6D6, 162 MHz, 80 ◦C) δ: 19.1 (s). HRMS (ES): m/z calcd.
for C43H43NP3
102Ru ([M+H]+) 768.1652, found 768.1723. Anal. calcd. for C43H42NP3Ru
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(found): C, 67.35 (67.28); H, 5.52 (5.48); N, 1.83 (1.79).
6.3.2 [Ru(tmm)(κ3-NP3
Cyp)] (31)
Ru
Cyp2P
N
PCyp2
PCyp2
To a solution of 7 (89.2 mg, 0.158 mmol) in toluene (5 mL) was added
[Ru(methylallyl)2(cod)] (50.4 mg, 0.158 mmol), and the solution was
stirred under reflux for 16 hours. Cooling the solution to room tem-
perature overnight resulted in the formation of orange crystals that
were isolated via filtration, washed with methanol (3 × 2 mL), and
dried in vacuo (22.3 mg, 31.0 µmol, 20%). 1H NMR (CDCl3, 400
MHz) δ: 1.23 (s, 6H, CH2
tmm), 1.31–1.67 (m, 36H, CH2
Cyp), 1.80–1.90 (m, 12H, CH2
Cyp),
2.04–2.13 (m, 6H, CHCyp), 3.28 (s, 6H, NCH 2P).
13C{1H} NMR (CDCl3, 101 MHz) δ:
25.7–26.0 (m, CH2
Cyp), 29.6 (s, CH2
Cyp), 31.0 (s, CH2
Cyp), 35.6–36.1 (m, CH2
tmm), 46.6–
46.7 (m, CHCyp), 51.2–51.6 (m, NC H2P), 102.8 (s, C
tmm). 31P{1H} NMR (CDCl3, 162
MHz) δ: 14.2 (s). HRMS (ES): m/z calcd. for C37H67NP3
102Ru ([M+H]+) 720.3530,
found 720.3569. Anal. calcd. for C37H66NP3Ru (found): C, 61.81 (61.76); H, 9.25 (9.30);
N, 1.95 (1.89).
6.3.3 [RuH2(PPh3)(κ
3-NP3
Ph)] (32)
Ph2P
Ru
PPh2
N
Ph3P H
H
PPh2
To a solution of 5 (230 mg, 0.376 mmol) in toluene (10 mL) was
added [RuH2(PPh3)4] (434 mg, 0.376 mmol), the Schlenk flask was
wrapped in silver foil, and the solution was stirred at 100 ◦C for two
hours. The solvent was removed in vacuo and the yellow residue
extracted with diethyl ether (3 × 5 mL). Concentrating the ether
solution and allowing it to stand at room temperature overnight gave
yellow crystals suitable for X-ray diffraction analysis (223 mg, 0.228 mmol, 61%). 1H
NMR (C6D6, 400 MHz) δ: −7.73 (m, 2H, Ru–H), 3.93–4.10 (m, 6H, NCH 2P), 6.65–7.97
(m, 45H, Ph). 13C{1H} NMR (C6D6, 101 MHz) δ: 52.8 (m, NC H2P), 59.1 (m, NC H2P),
127.2–128.0 (m, CHPh), 128.3 (d, JCP = 6.6 Hz, CH
Ph), 132.2 (d, JCP = 10.7 Hz, CH
Ph),
133.1 (t, JCP = 5.6 Hz, CH
Ph), 133.9 (t, JCP = 7.1 Hz, CH
Ph), 134.5 (d, JCP = 11.2 Hz,
CHPh), 142.0 (t, JCP = 15.7 Hz, C
Ph), 143.2 (d, JCP = 38.8 Hz, C
Ph), 144.6 (d, JCP =
34.4 Hz, CPh). 31P{1H} NMR (C6D6, 162 MHz) δ: 8.13 (dt, 2JPP = 25.9 Hz, 2P, Pcis),
27.3 (dt, 2JPPPh3 = 210.8 Hz,
2JPP = 27.8 Hz, 1P, P
trans), 57.8 (dt, 2JPPh3P = 210.8 Hz,
2JPPh3P = 27.8 Hz, 1P, PPh3). FT-IR (ν/cm
−1): hydride stretches 1882, 1915. HRMS
(ES): m/z calcd. for C57H52NP4
102Ru ([M–H]+) 976.2094, found 976.2083. Anal. calcd.
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for C57H53N4P4Ru (found): C, 70.07 (69.92); H, 5.47 (5.40); N, 1.43 (1.47).
6.3.4 [RuH2(PPh3)(κ
3-NP3
Cyp)] (33)
Cyp2P
Ru
PCyp2
N
Ph3P H
H
PCyp2
To a solution of 7 (108 mg, 0.192 mmol) in toluene (10 mL) was
added [RuH2(PPh3)4] (221 mg, 0.192 mmol), and the solution was
stirred at room temperature for two hours before being heated to 50
◦C for 14 hours. The solvent was removed in vacuo, and the black-
brown residue was washed with acetone (4 × 5 mL), forming an off-
white/yellow powder that was dried in vacuo (61.5 mg, 66.2 µmol,
35%). 1H NMR (C6D6, 500 MHz) δ: −9.72 (m, 2H, Ru–H), 0.96–2.66 (m, 54H, Cyp),
3.24 (m, 4H, NCH 2P), 3.32 (br s, 2H, NCH 2P), 7.00 (dt,
3JHH = 7.4 Hz,
5JHP = 1.2 Hz,
3H, CHpara−Ph), 7.10–7.13 (dt, 3JHH = 7.9 Hz, 3JHP = 1.5 Hz, 6H, CHortho−Ph), 8.25–8.29
(m, 6H, CHmeta−Ph). 13C{1H} NMR (C6D6, 126 MHz) δ: 25.0 (s, CH2Cyp), 26.1 (t, JCP
= 5.0 Hz, CH2
Cyp), 26.2 (d, JCP = 9.1 Hz, CH2
Cyp), 26.8 (s, CH2
Cyp), 26.9 (t, JCP = 3.1
Hz, CH2
Cyp), 27.5 (d, JCP = 6.4 Hz, CH2
Cyp), 28.7 (s, CH2
Cyp), 29.4 (s, CH2
Cyp), 29.6 (s,
CH2
Cyp), 29.9 (s, CH2
Cyp), 30.7 (s, CH2
Cyp), 31.0 (s, CH2
Cyp), 45.9 (d, 1JCP = 21.7 Hz,
CHCyp), 47.3 (t, 1JCP = 8.7 Hz, CH
Cyp), 51.0–51.1 (m, NC H2P), 127.0 (d,
3JCP = 8.1
Hz, CHmeta−Ph), 127.5 (s, CHpara−Ph), 134.7 (d, 2JCP = 11.4 Hz, CHortho−Ph), 147.1 (d,
1JCP = 29.6 Hz, C
Ph). 31P{1H} NMR (C6D6, 202 MHz) δ: −5.25 (dt, 2JPP = 25.3 Hz,
2P, Pcis), 25.6 (dt, 2JPPPh3 = 212.4 Hz,
2JPP = 28.2 Hz, 1P, P
trans), 61.9 (dt, 2JPPh3P =
213.2 Hz, 2JPPh3P = 22.9 Hz, 1P, PPh3). FT-IR (ν/cm
−1): hydride stretches 1850, 1881.
HRMS (ES): m/z found 394.1654 (85%), 751.2789 (60%). Anal. calcd. for C51H77NP4Ru
(found): C, 65.92 (65.84); H, 8.35 (8.40); N, 1.51 (1.60).
6.3.5 [Ru(CO)2(κ
3-NP3
Ph)] (34)
Ru
Ph2P
N
PPh2
OC CO
PPh2
This compound was previously reported.31 It should be noted
that the complex slowly reacts with CDCl3 at room temperature.
Crystals suitable for X-ray diffraction analysis were grown from a
concentrated toluene solution left to stand at room temperature
overnight.
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6.3.6 [Ru(CO)3(κ
2-NP3
Cyp)] (35)
Ru
N
PCyp2
CO
CO
PCyp2
PCyp2
OC
To a solution of 7 (386 mg, 0.685 mmol) in toluene (15 mL) was
added [Ru3(CO)12] (146 mg, 0.228 mmol), and the solution was stirred
under reflux for 18 hours, initially turning very dark before becoming
lighter red. Removal of the solvent in vacuo and treatment of the
resultant residue with methanol (10 mL) caused precipitation of an
orange powder, which was isolated, washed with methanol (2 × 3
mL), and dried in vacuo. Dissolving the solid in CH2Cl2 (5 mL) and
layering this solution with methanol (15 mL) and allowing it to stand at room temperature
overnight afforded bright orange crystals suitable for X-ray diffraction experiments (241
mg, 0.322 mmol, 47%). 1H NMR (C6D6, 400 MHz) δ: 1.32–1.92 (m, 50H, CH
Cyp and
CH2
Cyp), 2.02–2.14 (m, 4H, CHCyp), 2.45 (s, 2H, NCH 2P), 266 (s, 4H, NCH 2P).
13C{1H}
NMR (C6D6, 101 MHz) δ: 26.3 (m, CH2
Cyp), 26.6 (t, JCP = 4.6 Hz, CH2
Cyp), 26.7 (d, JCP
= 6.5 Hz, CH2
Cyp), 29.4 (br s, CH2
Cyp), 30.7 (t, JCP = 13.2 Hz, CH2
Cyp), 35.7 (d, 1JCP =
12.2 Hz, CHCyp-coorindated phosphorus), 40.7 (t, 1JCP = 12.0 Hz, CH
Cyp-uncoordinated
phosphorus), 58.2 (dt, 1JCP = 17.0 Hz,
3JCP = 8.7 Hz, NC H2P-uncoordinated), 65.2 (q,
1JCP = 9.7 Hz,
3JCP = 7.6 Hz, NC H2P-coordinated), 215.0 (t,
2JCP = 8.7 Hz, CO).
31P{1H} NMR (C6D6, 162 MHz) δ: −19.9 (s, 1P, uncoordinated P), 29.0 (s, 2P, P–Ru).
FT-IR (ν/cm−1): carbonyl stretches 1867, 1902, 1978. HRMS (ES): m/z found 795.3019
(100%), 754.2841 (60%). Anal. calcd. for C36H60NP3O3Ru (found): C, 57.74 (57.81); H,
8.08 (7.98); N, 1.87 (1.95).
6.3.7 [Ru2(µ-Cl)3(κ
3-NP3
Ph)2][Cl] (36[Cl])
RuP
PPh2
Ph2P
N
Cl Ru
P
N
P
Cl
Cl
PPh2
[Cl]
Ph2 Ph2
Ph2
To a Schlenk flask was added [RuCl2(DMSO)4] (480 mg, 1.00
mmol), 5 (611 mg, 1.00 mmol) and toluene (10 mL) and the
mixture heated to 100 ◦C for 12 hours. Upon heating, the
reaction mixture changed to a deep orange colour and formed
a yellow precipitate. The yellow precipitate was isolated by
filtration and washed first with toluene (3 × 5 mL) and then
diethyl ether (3 × 15 mL). The light yellow solid was dried
in vacuo (760 mg, 0.485 mmol, 97%). 1H NMR (CD2Cl2,
400 MHz) δ: 4.09 (br s, 12H, NCH 2P), 6.88 (t, 24H,
3JHH = 7.5 Hz, CH
ortho−Ph),
7.19 (t, 12H, 3JHH = 7.4 Hz, CH
para−Ph), 7.35 (m, 24H, CHmeta−Ph). 13C{1H} NMR
(CD2Cl2, 101 MHz) δ: 53.7 (s, NC H2P), 128.0 (s, CH
ortho−Ph), 129.9 (s, CHpara−Ph),
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133.8 (s, CHmeta−Ph). 31P{1H} NMR (CD2Cl2, 162 MHz) δ: 17.9 (s). HRMS (ES): m/z
calcd. for C78H72N2P6Cl3
102Ru2 ([M–Cl]
+) 1531.1274, found 1531.1310. Anal. calcd. for
C78H72N2P6Cl4Ru2.CH2Cl2 (found): C, 57.43 (57.76); H, 4.51 (4.67); N, 1.70 (1.62).
6.3.8 [Ru2(µ-Cl)3(κ
3-NP3
Ph)2][BPh4] (36[BPh4])
RuP
PPh2
Ph2P
N
Cl Ru
P
N
P
Cl
Cl
PPh2
[BPh4]
Ph2 Ph2
Ph2
To a solution of 36[Cl] (200 mg, 0.128 mmol) in CH2Cl2
(5 mL) was slowly added a solution of NaBPh4 (44.5 mg,
0.130 mmol) in acetonitrile (0.5 mL) and the mixture stirred
at room temperature for two hours. A light coloured pre-
cipitate of NaCl formed over this time. The yellow filtrate
was collected filtering through a small pad of celite. Crys-
tals suitable for X-ray diffraction experiments were obtained
overnight by slow diffusion of diethyl ether into this solution,
and were collected as yellow crystals after isolation and washing with diethyl ether (146
mg, 78.8 µmol, 62%). 1H NMR (CD2Cl2, 400 MHz) δ: 4.07 (br s, 12H, NCH 2P), 6.85
(t, 4H, 3JHH = 1.4 Hz, CH
para−BPh), 6.87 (t, 28H, 3JHH = 7.3 Hz, CHortho−Ph), 7.01 (t,
8H, 3JHH = 7.4 Hz, CH
ortho−BPh), 7.18 (t, 12H, 3JHH = 7.4 Hz, CHpara−Ph), 7.34 (m, 32H,
overlapping CHmeta−Ph and CHmeta−BPh). 13C{1H} NMR (CD2Cl2, 101 MHz) δ: 53.7 (s,
NC H2P), 122.2 (s, CH
para−BPh), 126.1 (s, CHortho−BPh), 128.0 (s, CHortho−Ph), 130.0 (s,
CHpara−Ph), 133.8 (s, CHmeta−Ph), 136.5 (s, CHmeta−BPh). 31P{1H} NMR (CD2Cl2, 162
MHz) δ: 17.9 (s). HRMS (ES): m/z calcd. for C78H72N2P6Cl3
101Ru104Ru ([M–BPh4]
+)
1532.1297, found 1532.1685. Anal. calcd. for C102H92BCl3N2P6Ru2 (found): C, 62.83
(62.95); H, 4.85 (4.74); N, 1.42 (1.59).
6.3.9 [Ru(OTf)(CO)2(κ
3-NP3
Ph)][OTf] (37)
Ph2P
Ru
PPh2
N
OC OTf
CO
PPh2
[OTf]
To a solution of 34 (124 mg, 0.162 mmol) in CH2Cl2 (5 mL) was
added AgOTf (83.2 mg, 0.324 mmol), resulting in instantaneous pre-
cipitation of solid Ag. The resulting suspension was stirred for one
hour at room temperature. A pale yellow solution was filtered from
the suspension via cannula, layered with diethyl ether (5 mL), and
cooled to −20 ◦C overnight, A yellow microcystalline powder was iso-
lated, washed with diethyl ether (3 × 3 mL), and dried in vacuo overnight (110 mg,
0.103 mmol, 64%). 1H NMR (CD2Cl2, 400 MHz) δ: 4.57 (s, 2H, NCH 2P), 4.84 (m,
4H, NCH 2P), 7.04–7.73 (m, 30H, Ph).
13C{1H} NMR (CD2Cl2, 101 MHz) δ: 49.7 (td,
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1JCP = 12.3 Hz,
3JCP = 5.7 Hz, NC H2P
cis), 53.6 (dt, 1JCP = 17.4 Hz,
3JCP = 5.2 Hz,
NC H2P
trans), 119.1 (qd, 1JCF = 319.2 Hz,
4JCP = 2.4 Hz, bound C F3), 121.5 (q,
1JCF =
319.3 Hz, unbound C F3), 129.5 (t, JCP = 5.1 Hz, C
Ph), 129.9 (d, JCP = 10.9 Hz, C
Ph),
130.4 (t, JCP = 5.1 Hz, C
Ph), 131.9 (m, CPh), 132.3 (d, JCP = 9.5 Hz, C
Ph), 132.4 (s),
132.8 (d, JCP = 2.5 Hz, C
Ph), 133.2 (d, JCP = 4.5 Hz, C
Ph), 189.6 (m, CO). 31P{1H}
NMR (CD2Cl2, 162 MHz) δ: −23.9 (d, 2P, 2JPP = 19.5 Hz, Pcis), 19.6 (t, 1P, 2JPP = 19.5
Hz, Ptrans). 19F{1H} NMR (CD2Cl2, 376 MHz) δ: −78.5 (br s, 3F, unbound CF 3), −76.8
(s, 3F, bound CF 3). FT-IR (ν/cm
−1): carbonyl stretches 2055, 2095; trifluoromethyl
C–F stretches 1158 (br), 1203 (br), 1228 (br), 1279 (br); others 998, 1028, 1436. HRMS
(ES): m/z calcd. for C42H36NP3O5SF3
102Ru ([M–OTf]+) 918.0523, found 918.0541. Anal.
calcd. for C43H36NP3O8S2F6Ru (found): C, 48.41 (48.54); H, 3.40 (3.35); N, 1.31 (1.29).
6.3.10 [RuH(CO)2(κ
3-NP3
Ph)][OTf] (38[OTf])
Ph2P
Ru
PPh2
N
OC H
CO
PPh2
[OTf]
A solution of 37 (65.0 mg, 60.9 µmol) in THF (5 mL) was placed under
three bar of H2 in a sealed ampule, heated to 70
◦C, and stirred vigor-
ously for 17 hours, resulting in a colour change from yellow to colour-
less. The solvent was removed in vacuo, and the resultant residue was
washed with diethyl ether (4 × 5 mL), forming an off-white powder
that was dried in vacuo overnight (39.8 mg, 43.3 µmol, 71%). 1H
NMR (d8-THF, 500 MHz) δ: −6.75 (dt, 1H, 2JHPtrans = 60.6 Hz, 2JHPcis = 14.5 Hz, Ru–
H), 4.45 (dd, 4H, J = 71.6 Hz, 2JHP = 15.4 Hz, NCH 2P), 4.89 (s, 2H, NCH 2P), 6.92–7.66
(m, 30H, Ph). 13C{1H} NMR (d8-THF, 101 MHz) δ: 51.2–51.6 (m, NC H2P), 122.2 (q,
JCF = 320.4 Hz, C F3), 129.6 (t, JCP = 4.8 Hz, CH
Ph), 130.2 (d, JCP = 10.1 Hz, CH
Ph),
131.1 (d, JCP = 12.7 Hz, CH
Ph), 132.5 (t, JCP = 5.0 Hz, CH
Ph), 132.8 (d, JCP = 11.3 Hz,
CHPh), 133.9 (t, JCP = 5.0 Hz, CH
Ph), 134.8 (d, JCP = 21.7 Hz, C
Ph), 136.8 (d, JCP =
36.6 Hz, CPh), 197.3–198.3 (m, CO). 31P{1H} NMR (d8-THF, 162 MHz) δ: −16.8 (t, 1P,
2JPP = 25.5 Hz, P
trans), −2.01 (d, 2P, 2JPP = 25.5 Hz, Pcis). 19F{1H} NMR (d8-THF,
470 MHz) δ: −79.2 (s). FT-IR (ν/cm−1): carbonyl stretches 2004, 2051; trifluoromethyl
C–F stretches 1025 (br), 1090 (br), 1156 (br), 1224 (br), 1259 (br); others 1435, 1485.
HRMS (ES): m/z calcd. for C41H37NP3O2
102Ru ([M–OTf]+) 770.1081, found 770.1094.
Anal. calcd. for C42H37NP3O5SF3Ru (found): C, 54.90 (54.81); H, 4.06 (4.12); N, 1.52
(1.62).
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6.3.11 [RuH(CO)2(κ
3-NP3
Ph)][BF4] (38[BF4])
Ph2P
Ru
PPh2
N
OC H
CO
PPh2
[BF4]
To a Schlenk flask was added 34 (345 mg, 0.449 mmol) and dissolved
in CH2Cl2 (8 mL). Degassed aqueous HBF4 (48 wt %, 4.40 mL, 33.7
mmol) was added and the orange solution instantly turned a pale
yellow. The solution was stirred at room temperature for 16 hours.
The solvent was removed in vacuo, treated with diethyl ether (5 mL)
and solvent removed in vacuo a second time. The resultant residue
was treated with pentane (5 mL) forming a white powder that was filtered via cannula,
washed with pentane (3 × 5 mL) and dried in vacuo (164 mg, 0.191 mmol, 43%). Crystals
suitable for X-ray diffraction analysis were grown by layering diethyl ether on a methanol
solution of 38[BF4] by vapour diffusion, which were isolated, washed with diethyl ether
and dried in vacuo. 1H NMR (CD3OD, 400 MHz) δ: −6.72 (dt, 2JHPtrans = 62.0 Hz,
2JHPcis = 13.7 Hz, Ru–H), 4.32 (dd, 4H, J = 61.5 Hz, J = 15.8 Hz, NCH 2P), 4.71 (s,
2H, NCH 2P), 6.85–7.60 (m, 30H, Ph).
13C{1H} NMR (CD3OD, 126 MHz) δ: 51.3–51.5
(m, NC H2P
cis), 51.7 (dt, 1JCP = 15.2 Hz,
3JCP = 4.0 Hz, NC H2P
trans), 129.8–129.9 (m,
CHPh), 130.5 (d, JCP = 9.8, CH
Ph), 131.7 (d, JCP = 15.6, CH
Ph), 132.0 (s, CHPh), 132.4 (t,
JCP = 5.4, CH
Ph), 132.7 (d, JCP = 11.1, CH
Ph), 133.8 (t, JCP = 5.5, CH
Ph), 134.3–134.9
(m, CPh), 136.6 (d, 1JCP = 36.5, C
Ph), 197.0–197.9 (m, CO). 31P{1H} NMR (CD3OD,
162 MHz) δ: −17.5 (t, 1P, 2JPP = 25.7, Ptrans), 1.89 (d, 2P, 2JPP = 27.3, Pcis). FT-IR
(ν/cm−1): carbonyl stretches 2015, 2059. HRMS (ES): m/z calcd. for C41H37NO2P3102Ru
([M–BF4]
+) 770.1081, found 770.1094. Anal. calcd. for C41H37BF4NO2P3Ru (found): C,
57.49 (57.38); H, 4.35 (4.31); N, 1.64 (1.69).
6.3.12 [Ru(CO3)(CO)(κ
3-NP3
Ph)] (39)
Ru
Ph2P
N
PPh2
OC O
PPh2
O
O
Method A. A partially dissolved suspension of 34 (280 mg, 0.364
mmol) in toluene (5 mL) was bubbled with O2 for 15–20 minutes. The
orange precipitate that formed was collected by filtration, washed with
toluene (2 × 3 mL) and diethyl ether (2 × 3 mL), and dried in vacuo
(204 mg, 0.255 mmol, 70%). Crystals suitable for X-ray diffraction
analysis were grown by layering a concentrated CH2Cl2 solution of 39
with toluene. 1H NMR (CDCl3, 400 MHz) δ: 4.05–4.17 (m, 6H, NCH 2P), 6.92–7.72 (m,
30H, Ph). 13C{1H} NMR (CDCl3, 101 MHz) δ: 50.1 (dt, 1JCP = 18.5 Hz, 3JCP = 6.2
Hz, NC H2P
trans), 51.1 (td, 1JCP = 12.5 Hz,
3JCP = 3.2 Hz, NC H2P
cis), 128.2 (d, JCP
= 6.8 Hz, CHPh), 128.5–128.7 (m, CHPh), 129.4 (br s, CHPh), 129.8 (s, CHPh), 130.1 (s,
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CHPh), 130.9 (t, JCP = 5.0 Hz, CH
Ph), 132.5 (d, JCP = 9.3 Hz, CH
Ph), 132.8 (t, JCP
= 4.9 Hz, CHPh), 133.3–134.0 (m, CPh), 136.2–136.9 (m, CPh), 167.8 (s, CO3), 194.0
(dt, 2JCPtrans = 106.4 Hz,
2JCPcis = 11.0 Hz, CO).
31P{1H} NMR (CDCl3, 162 MHz)
δ: −23.5 (t, 2JPP = 33.8 Hz, Pcis), 15.9 (d, 2JPP = 33.8 Hz, Ptrans). FT-IR (ν/cm−1):
carbonyl stretch 1994; κ2-carbonate stretches 1434, 1565; κ2-carbonate bends 1092, 1272;
others 1485. HRMS (ES): m/z calcd. for C41H37NP3O4
102Ru ([M+H]+) 802.0979, found
802.1005. Anal. calcd. for C41H36NP3O4Ru (found): C, 61.50 (61.27); H, 4.53 (4.34); N,
1.75 (1.84).
Method B. A sample of 34 (63.4 mg, 82.5 µmol) was deliberately exposed to air for
five weeks. Washing with wet toluene (5 × 1 mL) and wet diethyl ether (5 × 1 mL) and
drying in air afforded a yellow-brown powder with characterisation data identical with
those produced via Method A (48.0 mg, 59.9 µmol, 73%).
6.3.13 [RuH2(CO)(κ
3-NP3
Ph)] (40)
Ru
Ph2P
N
PPh2
OC H
PPh2
H
A solution of 39 (763 mg, 0.953 mmol) in THF (25 mL) was injected
into a high-pressure reactor under a flow of nitrogen. The atmosphere
was changed to hydrogen and pressurised to 15 bar at room temper-
ature before the mixture was heated to 100 ◦C (increase the internal
pressure to ∼20 bar) and stirred for two hours. After the mixture
was cooled to room temperature, the gas was carefully vented and
the atmosphere changed to nitrogen. The solution was transferred from the reactor to a
Schlenk flask, filtered, and diluted with methanol (20 mL), and the solvent was removed
in vacuo, giving an orange powder that was washed with methanol (3 × 5 mL) and diethyl
ether (3 × 5 mL) and dried in vacuo (365 mg, 0.492 mmol, 52%). Crystals suitable for
X-ray diffraction analysis were grown from a concentrated toluene solution layered with
methanol. 1H NMR (C6D6, 400 MHz) δ: −6.50 (dd, 2H, 2JHPtrans = 49.3 Hz, 2JHPtrans =
18.8 Hz, Ru–H), 3.66 (s, 2H, NCH 2P), 3.82 (m, 4H, NCH 2P), three multiplets 6.69–6.87,
7.27–7.34 and 7.51–7.61 (m, 30H, Ph). 13C{1H} NMR (C6D6, 101 MHz) δ: 51.8 (m,
NC H2P), 53.5 (m, NC H2P), 127.7–128.3 (m, CH
Ph), 128.5 (d, JCP = 11.2 Hz, CH
Ph),
131.8 (t, JCP = 6.2 Hz, CH
Ph), 132.5 (d, JCP = 12.0 Hz, CH
Ph), 132.9 (t, JCP = 6.9 Hz,
CHPh), 138.6 (dt, JCP = 38.8 Hz, JCP = 3.5 Hz, C
Ph), 139.6 (m, CPh), 141.0 (m, CPh),
209.2 (dt, 2JCPtrans = 73.7 Hz,
2JCPcis = 8.3 Hz, CO).
31P{1H} NMR (C6D6, 162 MHz)
δ: 8.41 (d, 2JPP = 35.7 Hz, 2P), 18.8 (t,
2JPP = 35.7 Hz, 1P). FT-IR (ν/cm
−1): carbonyl
and hydride stretches 1858, 1926, 2190. MS (ES): m/z calcd. for C40H38NP3O
102RuK
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([M+K]+) 782.1, found 783.1. Anal. calcd. for C40H38NP3ORu (found): C, 64.68 (64.50);
H, 5.16 (4.97); N, 1.89 (1.73).
6.3.14 NMR-Scale Reaction Between [RuH2(CO)(κ
3-NP3
Ph)] (40)
and CDCl3
To a Young’s tap NMR tube was added 40 (15 mg, 20.2 µmol) and CDCl3 (0.7 mL).
The solution was analysed by 1H and 31P{1H} NMR spectroscopy after standing for five
minutes at room temperature. The resulting spectra indicated some 40 remained in
solution, while two new species had formed. The first was tentatively assigned as the
dimeric species [RuH(µ-Cl)(κ3-NP3
Ph)]2 with the following NMR data:
1H (CDCl3, 400
MHz) δ: −5.89 (dt, 2JHPtrans = 91.7 Hz, 2JHPcis = 16.0 Hz). 31P{1H} NMR (CDCl3, 162
MHz) δ: −25.5 (t, 2JPP = 37.6 Hz, 1P), 12.1 (t, 2JPP = 37.6 Hz, 2P). The second species
was not assigned, and displayed the following NMR resonances: 31P{1H} NMR (CDCl3,
162 MHz) δ: −19.0 (dd, 2JPP = 36.4 Hz, 2JPP = 18.7 Hz, 1P), −3.21 (t, 2JPP = 34.4 Hz,
1P), 36.2 (dd, 2JPP = 35.4 Hz,
2JPP = 17.7 Hz, 1P).
6.3.15 [Ru(NCMe)3(κ
3-NP3
Ph)][PF6]2 (41)
Ph2P
Ru
PPh2
N
MeCN NCMe
NCMe
PPh2
[PF6]2
Method A. To a Schlenk flask was added 36[Cl] (146 mg, 93.2
µmol), AgPF6 (114 mg, 0.451 mmol), and acetonitrile (5 mL).
The suspension was stirred and heated to 70 ◦C for 15 hours and
remained a yellow suspension throughout. After cooling to room
temperature and allowing to settle, the supernatant was isolated
from the powder via cannula filter, and the powder was washed
with acetonitrile (2 mL) which was added to the saved supernatant. This solution was
concentrated in vacuo to ∼1.5 mL, and the product crystallised by the slow addition
of diethyl ether via vapour diffusion. Analytically pure colourless crystals were grown
overnight (100 mg, 8.88 µmol, 95%). 1H NMR (CD2Cl2, 400 MHz) δ: 2.32 (s, 9H, CH3),
4.23 (s, 6H, NCH 2P), 7.15–7.28 (m, 24H, CH
Ph), 7.30–7.41 (m, 6H, CHPh). 13C{1H} NMR
(CD2Cl2, 101 MHz) δ: 4.18 (s, CH3), 50.8–51.1 (m, NC H2P), 129.4–129.5 (m, CH
Ph),
131.4 (s, CHPh), 132.3–132.4 (m, CHPh). 31P{1H} NMR (CD2Cl2, 162 MHz) δ: 9.08 (s,
3P, PPh2), −144.4 (septet, 2P, 1JPF = 712.2 Hz, PF6). 19F NMR (CD2Cl2, 376 MHz) δ:
−72.4 (d, 12F, 1JPF = 712.2 Hz, PF6). HRMS (ES): m/z calcd. for C45H45N4P3102Ru
([M–2PF6]
2+) 418.0950, found 418.0950. Anal. calcd. for C45H45N4P5F12Ru (found): C,
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48.01 (47.89); H, 4.03 (3.94); N, 4.98 (4.88).
6.4 Chapter 4 Experimental
6.4.1 General Catalytic Procedure
Method A. A solution of levulinic acid (1.16 g, 10.0 mmol); [Ru(acac)3] (19.8 mg, 50.0
µmol, 0.5 mol %); and triphosphine ligand (1.0 mol %); and, where applicable, acidic
additive (5.0 mol %) in THF (20 mL) was syringed into a pre-purged high pressure
reactor under a flow of nitrogen. The atmosphere was changed to hydrogen by repeatedly
pressurising to five bar and depressurising (×3), before the pressure was raised to 50 bar
and the reactor was sealed. The reactor was heated to 150 ◦C and stirred, causing the
internal pressure to rise to 65 bar once the reaction temperature was reached. The reaction
mixture was stirred at this temperature and pressure for 25 hours before the vessel was
cooled in an ice bath and slowly depressurised. The product mixture was analysed by gas
chromatography, and 1H and 31P{1H} NMR spectroscopy.
Method B. Identical to method A, except a pre-formed ruthenium catalyst precursor
was utilised (0.5 mol %) instead of a [Ru(acac)3]/triphosphine ligand mixture. Analysis
of each run was done by gas chromatography, and 1H and 31P{1H} NMR spectroscopy.
Mercury Poisoning Experiment A solution of levulinic acid (1.16 g, 10.0 mmol),
[Ru(acac)3] (19.8 mg, 50.0 µmol, 0.5 mol %) and 5 (61.2 mg, 0.10 mmol, 1.0 mol %) in
THF (20 mL) was added via syringe into a pre-purged high-pressure reactor under a flow
of nitrogen. The atmosphere was changed to hydrogen by repeatedly pressurising to five
bar and depressurising (×3) before the pressure was raised to 50 bar and the reactor was
sealed. The reactor was heated to 150 ◦C and stirred, causing the internal pressure to
rise to 65 bar. The reaction mixture was stirred at this temperature and pressure for
two hours before the vessel was cooled in an ice bath and slowly depressurised. A sample
was submitted for GC analysis (Appendix B, Table B, entry 1). The reaction mixture
was transferred to a Schlenk flask, and mercury (200 mg, 1.00 mmol) was added. After
stirring for two hours at room temperature, the mercury was separated from the solution.
The solution was transferred back into the high-pressure reactor and repressurised to 50
bar H2 and heated to 150
◦C for four hours, after which the reactor was cooled in an
ice bath and slowly depressurised. A sample was analysed by GC (Appendix B, Table B,
entry 2). A control experiment was conducted using the same procedure without addition
of mercury (Appendix B, Table B, entries 3 and 4).
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6.4.2 [Ru(NCMe)3(κ
3-NP3
Ph)][PF6]2 (41)
Ph2P
Ru
PPh2
N
MeCN NCMe
NCMe
PPh2
[PF6]2
Method B. To a Schlenk flask was added 32 (82.1 mg, 84.0
µmol) and NH4PF6 (24.6 mg, 0.151 mmol), and the flask was
evacuated and backfilled with nitrogen (×3). Acetonitrile (2 mL)
was added, and the mixture was stirred at room temperature for
20 hours. The solvent was removed in vacuo, and the resultant
powder was washed with diethyl ether (3 × 2 mL) and dried in
vacuo. Redissolving in acetonitrile and slow diffusion of diethyl ether into the solution
by vapour diffusion afforded crystals overnight, which were isolated by cannula filter,
washed with diethyl ether (3 × 2 mL), and dried in vacuo. The combined supernatant
and washings afforded a second batch of crystals that were isolated and washed as the first
batch were. Both batches gave analytically pure white crystals of 41 that were suitable
for X-ray diffraction experiments and had identical characterisation to those obtained via
method A (61.6 mg, 54.7 µmol, 72%).
6.4.3 [RuH2(CO)(κ
3-MeCP3
Ph)] (42)
Ru
Ph2P PPh2
OC H
PPh2
H
A solution of [Ru(CO3)(CO)κ
3-MeCP3
Ph)] (621 mg, 0.763 mmol) in
THF (20 mL) was injected into a high-pressure reactor under a flow of
nitrogen. The atmosphere was changed to hydrogen and pressurised
to 15 bar at room temperature before the mixture was heated to
100 ◦C (increasing the internal pressure to ∼20 bar) and stirred for
two hours. After the mixture was cooled to room temperature, the
gas was carefully vented, and the atmosphere was changed to nitrogen. The solution was
transferred from the reactor to a Schlenk flask, filtered, and diluted with ethanol (15 mL),
and the solution was concentrated to ∼5 mL, causing precipitation of an orange powder.
Additional ethanol (15 mL) was added to fully precipitate the product that was isolated
by cannula filtration, washed with ethanol (3 × 3 mL) and dried in vacuo. Complex
44 was isolated as an orange powder (379 mg, 0.501 mmol, 66%) with characterisation
identical to that previously reported.250
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6.4.4 NMR-Scale Reaction Between [RuH2(CO)(κ
3-NP3
Ph)] (40)
and Levulinic Acid
To a Young’s tap NMR tube was added 40 (15.0 mg, 20.2 µmol) and dissolved in C6D6
(0.4 mL). A solution of levulinic acid (3.52 mg, 30.3 µmol, 1.5 equivalents) in CD2Cl2 (0.3
mL) was prepared in a separate Schlenk flask was added to the solution of 40 via syringe
at room temperature. The solution was analysed by 1H and 31P{1H} NMR spectroscopy
periodically for 21 hours at room temperature, and 16 hours at 100 ◦C, almost no reactivity
was observed.
6.4.5 NMR-Scale Reaction Between [RuH2(PPh3)(κ
3-NP3
Ph)] (32)
and Levulinic Acid
To a Young’s tap NMR tube was added 32 (16.1 mg, 16.5 µmol) and dissolved in C6D6
(0.7 mL) and initial NMR analysis performed. In a separate Schlenk flask was prepared
a solution of levulinic acid (56.3 mg, 0.485 mmol) in C6D6 (2 ml) and 0.1 mL (24.3
µmol LA, 1.5 equivalents) was added to the NMR tube via syringe. The NMR tube was
sealed and analysed by NMR spectroscopy regularly over the course of two weeks at room
temperature. The NMR tube was then heated to 85 ◦C for a total of 35 hours, with
analysis by NMR spectroscopy at room temperature periodically. Removal of the solvent
in vacuo and subsequent redissolution of the resultant yellow powder in methanol (2 mL)
gave crystals of pure 32 when left to stand overnight. The supernatant was saved and
solvent removed in vacuo, NMR analysis of the resultant residue in C6D6 displayed an
uncharacterizable mixture of products including [RuH2(CO)(κ
3-NP3
Ph)] (40).
6.4.6 NMR-Scale Reaction Between [RuH2(CO)(κ
3-NP3
Ph)] (40)
and NH4PF6 in Acetonitrile, and Subsequent Reaction
with Levulinic Acid
A solution of 40 (48.4 mg, 65.2 µmol) in toluene (2 mL) was added via cannula to a
stirred solution of NH4PF6 (10.6 mg, 65.0 µmol) in acetonitrile (2 mL), and the cannula
was washed through with additional acetonitrile (2 × 2 mL). The solution was stirred
at room temperature for two hours, before the solvent was removed in vacuo, affording
[RuH(CO)(NCMe)(κ3-NP3
Ph)][PF6] (44) as a brown powder that was washed with hexane
(3 × 3 mL) and dried in vacuo for 30 minutes. Complex 44 was dissolved in degassed
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d6-acetone (0.5 mL), and initial
1H and 31P{1H} NMR spectra were recorded. 1H NMR
(d6-acetone, 400 MHz) δ: −6.30 (dd, 1H, 2JHP = 77.5 Hz, 2JHP = 16.4 Hz, Ru–H). 31P{1H}
NMR (d6-acetone, 162 MHz) δ: −144.2 (septet, 1P, 1JPF = 708.4 Hz, PF6−), −12.4 (m,
1P), 3.88 (dd, 1P, 2JPP = 31.6 Hz,
2JPP = 27.5 Hz), 26.5 (dd, 1P,
2JPP = 32.4 Hz,
2JPP =
22.3 Hz). In the NMR tube was placed a solution of levulinic acid (10.8 mg, 93.0 µmol,
1.43 equivalents) in degassed d6-acetone (0.5 mL), and the solution was stirred for two
minutes using a vortex stirrer. 1H and 31P{1H} NMR spectra were recorded every hour for
16 hours, with the first being taken ∼10 minutes after stirring. The reaction was complete
within 21 hours affording [Ru(CO)(κ2O-CH3C(O)CH2CH2COO)(κ
3-NP3
Ph)][PF6] (46).
1H NMR (d6-acetone, 400 MHz) δ: 2.23 (s, 3H, CH3
LA), 2.67 (t, 2H, 3JHH = 5.8 Hz,
CH2
LA), 2.84 (t, 2H, 3JHH = 5.9 Hz, CH2
LA), 4.55–4.68 (m, 6H, NCH 2P), 6.95–7.68 (m,
30H, Ph). 13C{1H} NMR (d6-acetone, 101 MHz) δ: 28.1 (s, CH3LA), 37.5 (s, CH2LA),
38.2 (s, CH2
LA), 50.7 (td, 1JCP = 13.2 Hz,
3JCP = 5.4 Hz, NC H2P), 51.7 (dt,
1JCP = 19.1
Hz, 3JCP = 5.4 Hz, NC H2P), 129.1 (d, JCP = 9.6 Hz, CH
Ph), 131.0 (d, JCP = 2.6, CH
Ph),
131.6 (s, CHPh), 131.9 (s, CHPh), 132.0 (t, JCP = 5.1 Hz, CH
Ph), 133.2 (t, JCP = 4.6 Hz,
CHPh), 133.7 (d, JCP = 9.5 Hz, CH
Ph), 174.0 (s, COLA), 192.0 (s, COLA), 206.7 (d, JCP
= 3.0 Hz, CO). 31P{1H} NMR (d6-acetone, 162 MHz) δ: δ: −144.2 (septet, 1P, 1JPF =
706.4 Hz), −16.2 (dd, 2JPP = 26.4 Hz, Ptrans), 19.8 (dd, 2JPP = 26.4 Hz, Pcis). MS (ES):
m/z calcd. for C45H43NP3O4
102Ru ([M–PF6]
+) 856.1, found 856.4.
6.4.7 NMR-Scale Reaction Between [RuH2(CO)(κ
3-MeCP3
Ph)]
(42) and NH4PF6 in Acetonitrile, and Subsequent Reac-
tion with Levulinic Acid
To a Schlenk flask was added 42 (31.7 mg, 41.9 µmol) and suspended in acetonitrile (2
mL). A solution of NH4PF6 (6.8 mg, 0.042 mmol) in acetonitrile (1 mL) was added via
cannula, and the mixture was stirred at room temperature for two hours, turning homo-
geneous. The solvent was removed in vacuo, affording a yellow powder that was dried in
vacuo for 15 minutes, washed with hexane (3 × 2 mL), and again dried in vacuo for 15
minutes. The powder was then dissolved in d6-acetone (0.3 mL) and transferred in its
entirety to a Young?s tap NMR tube via cannula, which was washed through with addi-
tional d6-acetone (0.3 mL). Initial NMR analysis was performed on [RuH(CO)(NCMe)(κ
3-
NP3
Ph)][PF6] (45):
1H NMR (d6-acetone, 400 MHz) δ: −6.28 (ddd, 1H, 2JHP = 80.7 Hz,
2JHP = 16.3 Hz, Ru–H).
31P{1H} NMR (d6-acetone, 162 MHz) δ: −144.2 (septet, 1P, 1JPF
= 706.4 Hz, PF6
−), 8.21–8.57 (m, 1P), 24.3 (dd, 1P, 2JPP = 43.4 Hz, 2JPP = 25.0 Hz), 40.0
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(dd, 1P, 2JPP = 42.4 Hz, 2JPP = 25.7 Hz). In a separate Schlenk flask was prepared a solu-
tion of levulinic acid (7.50 mg, 64.6 µmol, 1.5 equivalents) in d6-acetone (0.3 mL), and this
was added to the NMR tube via syringe. The NMR tube was sealed, stirred for 30 seconds
using a vortex stirrer, and analysed by 1H and 31P{1H} NMR spectroscopy every hour
for 10 hours. Quantitative conversion of 45 to [Ru(CO)(κ2O-CH3C(O)CH2CH2COO)(κ
3-
MeCP3
Ph)][PF6] (47) was observed.
1H NMR (d6-acetone, 400 MHz) δ: 1.96–1.99 (m,
3H, CH3
MeCP3), 2.03–2.08 (m, 6H, CH2
MeCP3), 2.24 (s, CH3
LA), 2.65 (t, 3JHH = 7.2 Hz,
CH2
LA), 2.80 (t, 3JHH = 6.2 Hz, CH2
LA), 6.99–7.76 (m, 30H, Ph). 13C{1H} NMR (d6-
acetone, 127 MHz) δ: 28.1 (s, CH3
LA), 31.5 (m, CH2
MeCP3), 37.5 (s, CH2
LA), 38.2 (s,
CH2
LA), 39.4 (s, CMeCP3), 129.2 (d, JCP = 10.6 Hz, CH
Ph), 129.8 (dt, JCP = 14.3 Hz, JCP
= 5.5 Hz, CHPh), 131.2 (s, CHPh), 131.4 (s, CHPh), 131.6 (t, JCP = 5.0 Hz, CH
Ph), 132.03
(s, CHPh), 174.0 (s, COLA), 191.62 (s, COLA), 206.9 (s, CO). 31P{1H} NMR (d6-acetone,
162 MHz) δ: −144.2 (septet, 1P, 1JPF = 706.4 Hz), 5.1 (dd, 1P, 2JPP = 35.4 Hz), 35.0
(dd, 1P, 1JPF = 36.3 Hz). HRMS (ES): m/z calcd. for C47H46O4P3
102Ru ([M–PF6]
+)
869.1652, found 869.1677.
6.4.8 NMR-Scale Reaction Between [RuH2(CO)(κ
3-NP3
Ph)] (40)
and NH4PF6 in THF
To a Young’s tap NMR tube was added 40 (33.6 mg, 45.2 µmol) and NH4PF6 (7.65 mg,
47.2 µmol), and the contents dissolved in d8-THF (0.7 mL). The NMR tube was shaken for
one minute using a vortex stirrer and analysed by 1H and 31P{1H} NMR spectroscopy over
the course of four days at room temperature. The solvent was removed in vacuo and the
residue redissolved in CD3CN (0.7 mL) and the solution shaken for several minutes using
a vortex stirrer. This acetonitrile solution was subsequently analysed by high-resolution
mass spectrometry. The main product detected by NMR spectroscopy was the NH3 bound
complex [RuH(CO)(NH3)(κ
3-NP3
Ph)][PF6] (48).
1H NMR (d8-THF, 400 MHz) δ: −6.34
(ddd, 2JHP = 78.9 Hz,
2JHP = 16.8 Hz, Ru–H).
31P{1H} NMR (d8-THF, 162 MHz) δ:
−144.0 (septet, 1P, 1JPF = 710.3 Hz), −8.72 (dd, 1P, 2JPP = 24.9 Hz), 7.13 (dd, 1P, 2JPP
= 31.5 Hz, 2JPP = 27.1 Hz), 26.1 (dd, 1P,
2JPP = 32.6 Hz,
2JPP = 24.1 Hz). HRMS (ES):
m/z calcd. for C40H40N2OP3
102Ru ([M–PF6]
+) 759.1397, found 756.7177.
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6.4.9 NMR-Scale Reaction Between [RuH2(CO)(κ
3-NP3
Ph)] (40),
NH4PF6 and Levulinic Acid in THF
To a Young’s tap NMR tube was added 40 (23.4 mg, 31.5 µmol), NH4PF6 (5.35 mg,
32.8 µmol, 1 equivalent) and levulinic acid (5.67 mg, 48.8 µmol, 1.5 equivalents). The
contents was frozen in liquid nitrogen before the tube was evacuated and backfilled with
nitrogen (×3). d8-THF (0.7 mL) was added and the tube allowed to warm to room
temperature and shaken for several minutes using a vortex stirrer. 1H and 31P{1H}
NMR spectra were recorded periodically over five days, and every hour for the first 16
hours. A final set of 1H and 31P{1H} NMR spectra were recorded after the solution
had remained at room temperature for several weeks, as well as a high-resolution mass
spectrum of the solution. Initially 40 is consumed and converted to [RuH(CO)(NH3)(κ
3-
NP3
Ph)][PF6] (48) and [Ru(CO)(κ
2O-CH3C(O)CH2CH2COO)(κ
3-NP3
Ph)][PF6] (46), as
well as two other unknown products, one of which is tentatively assigned as the THF-
bound [RuH(CO)(THF)(κ3-NP3
Ph)][PF6] (49):
31P{1H} NMR (d8-THF, 162 MHz) δ:
−144.1 (septet, 1P, 1JPF = 716.2 Hz), −13.1 (ddd, 1P, J = 205.2 Hz, JPP = 26.2 Hz, JPP
= 22.4 Hz), 6.89–7.29 (m, 1P), 25.3–25.9 (m, 1P).
6.4.10 NMR-Scale Reaction Between [Ru(NCMe)3(κ
3-NP3
Ph)]-
[PF6]2 (41) and H2
To a high pressure NMR tube was added 41 (22.5 mg, 20.0 µmol) and partially dissolved
in CD2Cl2 (0.5 mL) using a vortex stirrer. Initial
1H, 31P{1H} and 19F NMR analysis was
carried out. The atmosphere in the NMR tube was changed to hydrogen by repeatedly
evacuating and back-filling (×3) while the solution was frozen in liquid nitrogen, before
the NMR tube was pressurised to four bar and allowed to warm to room temperature.
The solution was analysed by 1H, 31P{1H} and 19F NMR spectroscopy periodically for six
days at room temperature, and seven days at 50 ◦C, almost no reactivity was observed.
The only reaction observed was the slow disappearance of the signals corresponding to
the PF6
− unit.
6.4.11 NMR-Scale Reaction Between [Ru(NCMe)3(κ
3-NP3
Ph)]-
[PF6]2 (41) and Levulinic Acid
To a Young’s tap NMR tube was added 41 (24.6mg, 21.9 µmol) and partially dissolved
in CD2Cl2 (0.6 mL) using a vortex stirrer. Initial
1H, 31P{1H} and 19F NMR analysis
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was carried out. A solution of levulinic acid (5.30 mg, 45.6 µmol) in CD2Cl2 (0.3 mL)
was prepared in a separate Schlenk flask and 0.22 mL (3.89 mg levulinic acid, 33.5 µmol,
1.5 equivalents) was added to the solution of 41 via syringe at room temperature. The
solution was analysed by 1H, 31P{1H} and 19F NMR spectroscopy periodically for nine
days at room temperature, and seven days at 50 ◦C, almost no reactivity was observed.
The only reaction observed was the slow disappearance of the signals corresponding to
the PF6
− unit.
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Appendix A
Supplementary Information for Crystallographic Data and
Crystallography Experimental
This appendix includes the crystallographic experimental data for each crystallographi-
cally characterised complex, as well as full lists of bond lengths (A˚) and angles (◦) for all
crystallographically unique complexes:
Compound 16 18
Formula C42H36NO3P3W C42H37NO3P3W, BF4, 1.5(CH2Cl2)
Formula weight 879.48 1094.68
Temperature 173 K 173 K
Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 A˚ Agilent Xcalibur 3 E, 0.71073 A˚
Crystal system, space group Monoclinic, P 21/n Orthorhombic, P n m a
Unit cell dimensions a = 10.2370(2) A˚ α = 90◦ a = 18.1122(4) A˚ α = 90◦
b = 19.2916(5) A˚ β = 95.002(2)◦ b = 35.0113(8) A˚ β = 90◦
c = 18.4709(5) A˚ γ = 90◦ c = 13.3447(3) A˚ γ = 90◦
Volume, Z 3633.90(15) A˚
3
, 4 8462.3(3) A˚
3
, 8
Density (calculated) 1.608 Mg/m3 1.718 Mg/m3
Absorption coefficient 3.352 mm−1 3.093 mm−1
F(000) 1752 4344
Crystal colour / morphology Colourless platy needles Colourless blocks
Crystal size 0.58 × 0.18 × 0.03 mm3 0.44 × 0.24 × 0.19 mm3
θ range for data collection 2.259 to 27.934◦ 2.577 to 28.212◦
Index ranges
−12<=h<=13, −24<=k<=23,
−23<=l<=12
−23<=h<=15, −44<=k<=27,
−9<=l<=16
Reflns collected / unique 12201 / 7146 [R(int) = 0.0230] 18835 / 8710 [R(int) = 0.0535]
Reflns observed [F>4σ(F)] 5999 6893
Absorption correction Analytical Analytical
Max. and min. transmission 0.882 and 0.451 0.611 and 0.494
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 7146 / 0 / 451 8710 / 38 / 510
Goodness-of-fit on F2 1.047 1.139
Final R indices [F>4σ(F)] R1 = 0.0298, wR2 = 0.0553 R1 = 0.0761, wR2 = 0.1602
R indices (all data) R1 = 0.0415, wR2 = 0.0601 R1 = 0.0961, wR2 = 0.1669
Largest diff. peak, hole 0.869, −0.622 eA˚−3 1.729, −5.917 eA˚−3
Mean and maximum shift/error 0.000 and 0.002 0.000 and 0.003
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Compound 19 21
Formula C42H24F12NO3P3W C25H48NO4P3W
Formula weight 1095.38 703.40
Temperature 173 K 173 K
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 A˚ OD Xcalibur PX Ultra, 1.54184 A˚
Crystal system, space group Monoclinic, P 21/n Monoclinic, P 2(1)/c
Unit cell dimensions a = 10.3366(2) A˚ α = 90◦ a = 15.45700(18) A˚ α = 90◦
b = 8.3660(2) A˚ β = 92.650(2)◦ b = 12.41049(15) A˚ β = 95.3745(14)◦
c = 45.8955(10) A˚ γ = 90◦ c = 32.2167(5) A˚ γ = 90◦
Volume, Z 3964.62(16) A˚
3
, 4 6152.93(14) A˚
3
, 8
Density (calculated) 1.835 Mg/m3 1.519 Mg/m3
Absorption coefficient 7.445 mm−1 8.660 mm−1
F(000) 2136 2848
Crystal colour / morphology Colourless platy needles Colourless plates
Crystal size 0.21 × 0.12 × 0.03 mm3 0.27 × 0.23 × 0.02 mm3
θ range for data collection 1.927 to 73.773◦ 2.76 to 72.37◦
Index ranges
−12<=h<=12, −10<=k<=7,
−56<=l<=35
−18<=h<=14, −15<=k<=15,
−39<=l<=39
Reflns collected / unique 12719 / 7582 [R(int) = 0.0408] 19350 / 19350 [R(int) = 0.0000]
Reflns observed [F>4σ(F)] 6523 2848
Absorption correction Analytical Analytical
Max. and min. transmission 0.809 and 0.319 0.861 and 0.189
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 7582 / 12 / 560 19350 / 26 / 627
Goodness-of-fit on F2 1.247 1.100
Final R indices [F>4σ(F)] R1 = 0.0398, wR2 = 0.0924 R1 = 0.0797, wR2 = 0.2534
R indices (all data) R1 = 0.0501, wR2 = 0.0958 R1 = 0.0879, wR2 = 0.2588
Largest diff. peak, hole 0.807, −1.014 eA˚−3 2.294, −1.957 eA˚−3
Mean and maximum shift/error 0.000 and 0.001 0.000 and 0.002
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Compound 22 23
Formula C37H60NO4P3W C37H60NO5P3W
Formula weight 859.62 875.62
Temperature 173 K 173 K
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 A˚ Agilent Xcalibur PX Ultra A, 1.54184 A˚
Crystal system, space group Orthorhombic, P 2 n a 21 Orthorhombic, P 2 n a 21
Unit cell dimensions a = 21.077(2) A˚ α = 90◦ a = 20.9984(5) A˚ α = 90◦
b = 20.1866(18) A˚ β = 90◦ b = 20.2089(4) A˚ β = 90◦
c = 8.8990(4) A˚ γ = 90◦ c = 8.90858(17) A˚ γ = 90◦
Volume, Z 3786.3(6) A˚
3
, 4 3780.39(14) A˚
3
, 4
Density (calculated) 1.508 Mg/m3 1.538 Mg/m3
Absorption coefficient 7.152 mm−1 7.195 mm−1
F(000) 1760 1792
Crystal colour / morphology Colourless platy needles Pale yellow brown plates
Crystal size 0.39 × 0.09 × 0.03 mm3 0.30 × 0.28 × 0.03 mm3
θ range for data collection 3.031 to 73.489◦ 3.035 to 73.826◦
Index ranges
−25<=h<=15, −24<=k<=23,
−7<=l<=10
−21<=h<=25, −25<=k<=21,
−10<=l<=4
Reflns collected / unique 8136 / 5188 [R(int) = 0.0146] 7841 / 43770 [R(int) = 0.0389]
Reflns observed [F>4σ(F)] 5108 3938
Absorption correction Analytical Analytical
Max. and min. transmission 0.788 and 0.335 0.826 and 0.220
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 5188 / 122 / 437 4377 / 1 / 425
Goodness-of-fit on F2 1.041 1.051
Final R indices [F>4σ(F)] R1 = 0.0175, wR2 = 0.0462 R1 = 0.0430, wR2 = 0.1128
R indices (all data) R1 = 0.0178, wR2 = 0.04648 R1 = 0.0489, wR2 = 0.1200
Largest diff. peak, hole 0.519, −0.454 eA˚−3 2.277, −1.431 eA˚−3
Mean and maximum shift/error 0.000 and 0.002 0.000 and 0.001
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Compound 24 30
Formula C35H52N2O4P2W, 0.5(C7H8) C43H42NP3Ru
Formula weight 856.64 766.76
Temperature 173 K 173 K
Diffractometer, wavelength OD Xcalibur 3, 0.71073 A˚ OD Xcalibur 3, 0.71073 A˚
Crystal system, space group Monoclinic, P2(1)/c Rhombohedral, R-3
Unit cell dimensions a = 37.9478(5) A˚ α = 90◦ a = 13.5997(2) A˚ α = 90◦
b = 10.57997(15) A˚ β = 100.3336(14)◦ b = 13.5997(2) A˚ β = 90◦
c = 19.1922(3) A˚ γ = 90◦ c = 32.6601(7) A˚ γ = 120◦
Volume, Z 7580.43(19) A˚
3
, 8 5231.3(2) A˚
3
, 6
Density (calculated) 1.501 Mg/m3 1.460 Mg/m3
Absorption coefficient 3.173 mm−1 0.621 mm−1
F(000) 3496 2376
Crystal colour / morphology Colourless blocks Colourless blocks
Crystal size 0.25 × 0.19 × 0.07 mm3 0.15 × 0.12 × 0.09 mm3
θ range for data collection 2.91 to 32.79◦ 3.04 to 32.72◦
Index ranges
−57<=h<=57, −15<=k<=15,
−28<=l<=22
−20<=h<=20,
−19<=k<=20, −46<=l<=48
Reflns collected / unique 81655 / 25641 [R(int) = 0.0350] 18792 / 4008 [R(int) = 0.0219]
Reflns observed [F>4σ(F)] 15781 3624
Absorption correction Analytical Analytical
Max. and min. transmission 0.811 and 0.553 0.953 and 0.931
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 25641 / 192 / 867 4008 / 0 / 145
Goodness-of-fit on F2 1.511 1.065
Final R indices [F>4σ(F)] R1 = 0.0817, wR2 = 0.0978 R1 = 0.0234, wR2 = 0.0574
R indices (all data) R1 = 0.1260, wR2 = 0.1077 R1 = 0.0285, wR2 = 0.0606
Largest diff. peak, hole 1.696, −2.104 eA˚−3 0.479, −0.385 eA˚−3
Mean and maximum shift/error 0.000 and 0.005 0.000 and 0.000
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Compound 32 35
Formula C57H53NP4Ru, 0.5(C6H14O3) C36H60NO3P3Ru
Formula weight 1044.04 748.83
Temperature 173 K 173 K
Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 A˚ Agilent Xcalibur 3 E, 0.71073 A˚
Crystal system, space group Monoclinic, P21/c Monoclinic, C c
Unit cell dimensions a = 12.2200(2) A˚ α = 90◦ a = 56.2065(11) A˚ α = 90◦
b = 20.1647(3) A˚ β = 102.4134(17)◦ b = 28.0254(4) A˚ β = 90.438(2)◦
c = 22.2859(3) A˚ γ = 90◦ c = 19.0501(4) A˚ γ = 90◦
Volume, Z 5363.15(14) A˚
3
, 4 30007.0(10) A˚
3
, 32
Density (calculated) 1.293 Mg/m3 1.326 Mg/m3
Absorption coefficient 0.453 mm−1 0.580 mm−1
F(000) 2172 12672
Crystal colour / morphology Pale yellow tablets Pale yellow blocks
Crystal size 0.22 × 0.15 × 0.04 mm3 0.60 × 0.45 × 0.19 mm3
θ range for data collection 2.226 to 29.164◦ 2.232 to 27.209◦
Index ranges
−15<=h<=13, −25<=k<=25,
−27<=l<=25
−59<=h<=70, −35<=k<=35,
−23<=l<=24
Reflns collected / unique 39598 / 12637 [R(int) = 0.0275] 71424 / 43859 [R(int) = 0.0229]
Reflns observed [F>4σ(F)] 10085 40026
Absorption correction Analytical Analytical
Max. and min. transmission 0.981 and 0.917 0.898 and 0.696
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 12637 / 0 / 576 43859 / 1125 / 3316
Goodness-of-fit on F2 1.096 1.051
Final R indices [F>4σ(F)] R1 = 0.0347, wR2 = 0.0960 R1 = 0.0340, wR2 = 0.0762
R1+ = 0.0340, wR2+ 0.0762
R1– = 0.0344, wR2– = 0.0772
R indices (all data) R1 = 0.0489, wR2 = 0.1040 R1 = 0.0416, wR2 = 0.0815
Absolute structure parameter —
x+ = 0.437(9), x– = 0.562(9),
probable racemic twin
Largest diff. peak, hole 0.415, −0.448 eA˚−3 0.655, −0.452 eA˚−3
Mean and maximum shift/error 0.000 and 0.001 0.000 and 0.002
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Compound
[Ru(OTf)(CO)2(κ3-NP3Ph)]2-
[Ag(OTf)3]
38[BF4]
Formula
2(C42H36F3NO5P3RuS), C3AgF9O9,
1.5(C4H10O), 2.5(CH2C12)
C41H37NO2P3Ru, BF4
Formula weight 2714.09 856.50
Temperature 173 K 173 K
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 A˚ Agilent Xcalibur 3 E, 0.71073 A˚
Crystal system, space group Monoclinic, P21/c Monoclinic, P21/c
Unit cell dimensions a = 15.91834(19) A˚ α = 90◦ a = 19.9077 A˚ α = 90◦
b = 20.41129(19) A˚ β = 90.3072(9)◦ b = 12.5790(3) A˚ β = 113.998(5)◦
c = 35.0656(3) A˚ γ = 90◦ c = 16.7455(8) A˚ γ = 90◦
Volume, Z 11393.1(2) A˚
3
, 4 3830.9(3) A˚
3
, 4
Density (calculated) 1.582 Mg/m3 1.485 Mg/m3
Absorption coefficient 6.995 mm−1 0.591 mm−1
F(000) 5472 1744
Crystal colour / morphology Colourless blocks Colourless blocks
Crystal size 0.37 × 0.26 × 0.08 mm3 0.36 × 0.26 × 0.22 mm3
θ range for data collection 2.505 to 73.635◦ 2.433 to 28.346◦
Index ranges
−19<=h<=18, −13<=k<=24,
−33<=l<=43
−26<=h<=19, −16<=k<=15,
−12<=l<=21
Reflns collected / unique 38173 / 21959 [R(int) = 0.0239] 13351 / 7686 [R(int) = 0.0438]
Reflns observed [F>4σ(F)] 18483 5792
Absorption correction Analytical Analytical
Max. and min. transmission 0.637 and 0.233 0.903 and 0.868
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 21959 / 87 / 1367 7686 / 0 / 482
Goodness-of-fit on F2 1.035 1.018
Final R indices [F>4σ(F)] R1 = 0.0397, wR2 = 0.0972 R1 = 0.0428, wR2 = 0.0811
R indices (all data) R1 = 0.0478, wR2 = 0.1016 R1 = 0.0611, wR2 = 0.0916
Largest diff. peak, hole 1.293, −0.758 eA˚−3 0.786, −0.850 eA˚−3
Mean and maximum shift/error 0.000 and 0.002 0.000 and 0.001
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Compound 39 40
Formula C41H36NO4P3Ru, C7H8, 0.75(CH2C12) C40H38NOP3Ru, CHCl3
Formula weight 956.51 862.06
Temperature 173 K 173 K
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 A˚ OD Xcalibur PX Ultra, 1.54184 A˚
Crystal system, space group Triclinic P -1 Monoclinic, P2(1)/n
Unit cell dimensions a = 12.1061(2) A˚ α = 100.354(2)◦ a = 10.07103(10) A˚ α = 90◦
b = 16.2216(4) A˚ β = 101.1239(19)◦ b = 21.9377(2) A˚ β = 96.9317(9)◦
c = 24.8191(7) A˚ γ = 105.0822(19)◦ c = 17.91037(17) A˚ γ = 90◦
Volume, Z 4479.61(19) A˚
3
, 4 3928.11(7) A˚
3
, 4
Density (calculated) 1.418 Mg/m3 1.458 Mg/m3
Absorption coefficient 5.027 mm−1 6.522 mm−1
F(000) 1966 1760
Crystal colour / morphology Colourless plates Colourless tablets
Crystal size 0.25 × 0.13 × 0.03 mm3 0.25 × 0.1 × 0.05 mm3
θ range for data collection 1.870 to 73.640◦ 3.20 to 72.62◦
Index ranges
−14<=h<=8, −15<=k<=20,
−29<=l<=30
−12<=h<=9, −27<=k<=26,
−122<=l<=19
Reflns collected / unique 27342 / 17041 [R(int) = 0.0250] 32072 / 7710 [R(int) = 0.0340]
Reflns observed [F>4σ(F)] 14820 6638
Absorption correction Analytical Analytical
Max. and min. transmission 0.883 and 0.437 0.750 and 0.388
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 17041 / 332 / 1107 7710 / 123 / 495
Goodness-of-fit on F2 1.029 1.041
Final R indices [F>4σ(F)] R1 = 0.0382, wR2 = 0.1002 R1 = 0.0315, wR2 = 0.0793
R indices (all data) R1 = 0.0447, wR2 = 0.1056 R1 = 0.0390, wR2 = 0.0840
Largest diff. peak, hole 1.180, −0.855 eA˚−3 0.460, −0.696 eA˚−3
Mean and maximum shift/error 0.000 and 0.004 0.000 and 0.002
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Compound 41
Formula C45H45N4P3Ru, 2(F6P), 2.25(C2H3N)
Formula weight 1218.14
Temperature 173 K
Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 A˚
Crystal system, space group Triclinic P -1
Unit cell dimensions a = 12.9272(4) A˚ α = 76.703(3)◦
b = 20.8705(6) A˚ β = 88.780(2)◦
c = 21.4381(6) A˚ γ = 82.119(2)◦
Volume, Z 5575.4(3) A˚
3
, 4
Density (calculated) 1.451 Mg/m3
Absorption coefficient 0.505 mm−1
F(000) 2478
Crystal colour / morphology Colourless tabular needs
Crystal size 0.77 × 0.26 × 0.08 mm3
θ range for data collection 2.330 to 28.277◦
Index ranges −15<=h<=10, −21<=k<=26, −20<=l<=25
Reflns collected / unique 32664 / 22027 [R(int) = 0.0264]
Reflns observed [F>4σ(F)] 16208
Absorption correction Analytical
Max. and min. transmission 0.958 and 0.747
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 22027 / 691 / 1244
Goodness-of-fit on F2 1.076
Final R indices [F>4σ(F)] R1 = 0.0541, wR2 = 0.1513
R indices (all data) R1 = 0.0767, wR2 = 0.1633
Largest diff. peak, hole 1.059, −0.581 eA˚−3
Mean and maximum shift/error 0.000 and 0.002
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Bond lengths (A˚) and angles (◦) for Complex 16
W(1)-C(44) 1.965(4) P(3)-W(1)-P(5) 87.83(3) C(42)-C(43)-C(38) 119.8(4)
W(1)-C(45) 1.972(4) C(4)-N(1)-C(2) 116.9(3) O(44)-C(44)-W(1) 174.4(3)
W(1)-C(46) 1.985(4) C(4)-N(1)-C(6) 115.8(3) O(45)-C(45)-W(1) 176.7(3)
W(1)-P(7) 2.5145(9) C(2)-N(1)-C(6) 115.4(3) O(46)-C(46)-W(1) 175.4(3)
W(1)-P(3) 2.5176(10) N(1)-C(2)-P(3) 114.7(2)
W(1)-P(5) 2.5380(10) C(14)-P(3)-C(8) 99.73(17)
N(1)-C(4) 1.446(5) C(14)-P(3)-C(2) 104.24(16)
N(1)-C(2) 1.448(4) C(8)-P(3)-C(2) 101.64(17)
N(1)-C(6) 1.469(4) C(14)-P(3)-W(1) 117.72(12)
C(2)-P(3) 1.867(4) C(8)-P(3)-W(1) 120.96(12)
P(3)-C(14) 1.835(4) C(2)-P(3)-W(1) 110.22(12)
P(3)-C(8) 1.845(4) N(1)-C(4)-P(5) 117.1(3)
C(4)-P(5) 1.893(4) C(20)-P(5)-C(26) 100.01(17)
P(5)-C(20) 1.841(4) C(20)-P(5)-C(4) 101.98(17)
P(5)-C(26) 1.846(4) C(26)-P(5)-C(4) 101.51(17)
C(6)-P(7) 1.883(4) C(20)-P(5)-W(1) 120.95(13)
P(7)-C(38) 1.817(4) C(26)-P(5)-W(1) 120.18(12)
P(7)-C(32) 1.840(4) C(4)-P(5)-W(1) 109.23(12)
C(8)-C(9) 1.386(5) N(1)-C(6)-P(7) 114.6(2)
C(8)-C(13) 1.399(5) C(38)-P(7)-C(32) 99.11(16)
C(9)-C(10) 1.399(5) C(38)-P(7)-C(6) 104.42(17)
C(10)-C(11) 1.369(5) C(32)-P(7)-C(6) 102.33(17)
C(11)-C(12) 1.383(6) C(38)-P(7)-W(1) 116.40(12)
C(12)-C(13) 1.380(5) C(32)-P(7)-W(1) 122.96(12)
C(14)-C(15) 1.382(5) C(6)-P(7)-W(1) 109.36(11)
C(14)-C(19) 1.388(5) C(9)-C(8)-C(13) 118.7(4)
C(15)-C(16) 1.382(5) C(9)-C(8)-P(3) 122.3(3)
C(16)-C(17) 1.379(5) C(13)-C(8)-P(3) 119.0(3)
C(17)-C(18) 1.365(6) C(8)-C(9)-C(10) 120.4(4)
C(18)-C(19) 1.389(5) C(11)-C(10)-C(9) 120.4(4)
C(20)-C(21) 1.378(5) C(10)-C(11)-C(12) 119.5(4)
C(20)-C(25) 1.394(6) C(13)-C(12)-C(11) 120.9(4)
C(21)-C(22) 1.391(6) C(12)-C(13)-C(8) 120.1(4)
C(22)-C(23) 1.380(6) C(15)-C(14)-C(19) 119.1(3)
C(23)-C(24) 1.367(7) C(15)-C(14)-P(3) 117.5(3)
C(24)-C(25) 1.383(5) C(19)-C(14)-P(3) 123.4(3)
C(26)-C(27) 1.390(5) C(14)-C(15)-C(16) 120.2(4)
C(26)-C(31) 1.393(5) C(17)-C(16)-C(15) 120.6(4)
C(27)-C(28) 1.388(6) C(18)-C(17)-C(16) 119.6(4)
C(28)-C(29) 1.374(6) C(17)-C(18)-C(19) 120.6(4)
C(29)-C(30) 1.378(6) C(14)-C(19)-C(18) 120.0(4)
C(30)-C(31) 1.384(6) C(21)-C(20)-C(25) 118.0(4)
C(32)-C(37) 1.379(5) C(21)-C(20)-P(5) 120.3(3)
C(32)-C(33) 1.402(5) C(25)-C(20)-P(5) 121.7(3)
C(33)-C(34) 1.369(6) C(20)-C(21)-C(22) 121.2(4)
C(34)-C(35) 1.381(6) C(23)-C(22)-C(21) 119.7(4)
C(35)-C(36) 1.372(6) C(24)-C(23)-C(22) 119.9(4)
C(36)-C(37) 1.393(5) C(23)-C(24)-C(25) 120.3(5)
C(38)-C(43) 1.396(5) C(24)-C(25)-C(20) 120.9(4)
C(38)-C(39) 1.397(5) C(27)-C(26)-C(31) 117.5(4)
C(39)-C(40) 1.381(5) C(27)-C(26)-P(5) 123.0(3)
C(40)-C(41) 1.380(5) C(31)-C(26)-P(5) 119.5(3)
C(41)-C(42) 1.372(6) C(28)-C(27)-C(26) 121.5(4)
C(42)-C(43) 1.384(5) C(29)-C(28)-C(27) 120.0(4)
C(44)-O(44) 1.167(4) C(28)-C(29)-C(30) 119.4(4)
C(45)-O(45) 1.160(4) C(29)-C(30)-C(31) 120.6(4)
C(46)-O(46) 1.154(4) C(30)-C(31)-C(26) 120.9(4)
C(37)-C(32)-C(33) 118.0(4)
C(44)-W(1)-C(45) 85.26(15) C(37)-C(32)-P(7) 121.2(3)
C(44)-W(1)-C(46) 86.33(15) C(33)-C(32)-P(7) 120.8(3)
C(45)-W(1)-C(46) 84.88(14) C(34)-C(33)-C(32) 121.1(4)
C(44)-W(1)-P(7) 97.84(11) C(33)-C(34)-C(35) 120.0(4)
C(45)-W(1)-P(7) 94.43(10) C(36)-C(35)-C(34) 120.1(4)
C(46)-W(1)-P(7) 175.72(11) C(35)-C(36)-C(37) 119.8(4)
C(44)-W(1)-P(3) 175.72(11) C(32)-C(37)-C(36) 120.9(4)
C(45)-W(1)-P(3) 91.11(11) C(43)-C(38)-C(39) 118.3(3)
C(46)-W(1)-P(3) 91.11(11) C(43)-C(38)-P(7) 124.2(3)
P(7)-W(1)-P(3) 84.67(3) C(39)-C(38)-P(7) 117.5(3)
C(44)-W(1)-P(5) 95.95(11) C(40)-C(39)-C(38) 120.9(4)
C(45)-W(1)-P(5) 176.00(10) C(41)-C(40)-C(39) 120.2(4)
C(46)-W(1)-P(5) 98.99(10) C(42)-C(41)-C(40) 119.3(4)
P(7)-W(1)-P(5) 81.64(3) C(41)-C(42)-C(43) 121.4(4)
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Bond lengths (A˚) and angles (◦) for Complex 18
W(1)-C(45) 1.985(10) C(45)-W(1)-C(44) 83.8(4) C(25)-C(24)-C(23) 119.9(13)
W(1)-C(44) 1.988(10) C(45)-W(1)-C(46) 88.0(4) C(24)-C(25)-C(20) 121.0(12)
W(1)-C(46) 2.003(10) C(44)-W(1)-C(46) 84.6(4) C(27)-C(26)-C(31) 117.4(9)
W(1)-P(5) 2.488(3) C(45)-W(1)-P(5) 176.5(3) C(27)-C(26)-P(5) 127.0(8)
W(1)-P(3) 2.507(3) C(44)-W(1)-P(5) 94.8(3) C(31)-C(26)-P(5) 115.6(8)
W(1)-P(7) 2.508(3) C(46)-W(1)-P(5) 95.0(3) C(28)-C(27)-C(26) 121.5(11)
N(1)-C(4) 1.502(12) C(45)-W(1)-P(3) 94.7(3) C(27)-C(28)-C(29) 120.4(11)
N(1)-C(2) 1.514(13) C(44)-W(1)-P(3) 178.4(3) C(28)-C(29)-C(30) 119.8(11)
N(1)-C(6) 1.526(13) C(46)-W(1)-P(3) 95.7(3) C(31)-C(30)-C(29) 119.6(10)
C(2)-P(3) 1.867(10) P(5)-W(1)-P(3) 86.66(9) C(30)-C(31)-C(26) 121.3(10)
P(3)-C(8) 1.838(11) C(45)-W(1)-P(7) 95.4(3) C(33)-C(32)-C(37) 118.6(9)
P(3)-C(14’) 1.844(11) C(44)-W(1)-P(7) 93.7(3) C(33)-C(32)-P(7) 125.0(8)
P(3)-C(14) 1.844(9) C(46)-W(1)-P(7) 175.9(3) C(37)-C(32)-P(7) 116.3(7)
C(4)-P(5) 1.877(9) P(5)-W(1)-P(7) 81.45(8) C(32)-C(33)-C(34) 120.8(11)
P(5)-C(26) 1.831(10) P(3)-W(1)-P(7) 86.13(8) C(33)-C(34)-C(35) 120.0(10)
P(5)-C(20) 1.845(11) C(4)-N(1)-C(2) 113.8(8) C(36)-C(35)-C(34) 119.9(10)
C(6)-P(7) 1.849(11) C(4)-N(1)-C(6) 114.4(8) C(35)-C(36)-C(37) 120.3(11)
P(7)-C(38) 1.824(10) C(2)-N(1)-C(6) 115.2(8) C(36)-C(37)-C(32) 120.4(10)
P(7)-C(32) 1.845(9) N(1)-C(2)-P(3) 114.9(6) C(43)-C(38)-C(39) 118.6(9)
C(8)-C(9) 1.384(15) C(8)-P(3)-C(14’) 100.7(8) C(43)-C(38)-P(7) 118.7(7)
C(8)-C(13) 1.405(14) C(8)-P(3)-C(14) 96.2(7) C(39)-C(38)-P(7) 122.6(7)
C(9)-C(10) 1.393(16) C(8)-P(3)-C(2) 105.4(5) C(40)-C(39)-C(38) 119.0(10)
C(10)-C(11) 1.379(17) C(14’)-P(3)-C(2) 95.7(8) C(41)-C(40)-C(39) 121.9(11)
C(11)-C(12) 1.391(17) C(14)-P(3)-C(2) 101.3(7) C(40)-C(41)-C(42) 119.7(10)
C(12)-C(13) 1.395(15) C(8)-P(3)-W(1) 118.6(3) C(41)-C(42)-C(43) 120.6(10)
C(14)-C(15) 1.3900 C(14’)-P(3)-W(1) 123.0(7) C(42)-C(43)-C(38) 120.3(9)
C(14)-C(19) 1.3900 C(14)-P(3)-W(1) 122.7(5) O(44)-C(44)-W(1) 174.3(9)
C(15)-C(16) 1.3900 C(2)-P(3)-W(1) 110.1(3) O(45)-C(45)-W(1) 176.6(9)
C(16)-C(17) 1.3900 N(1)-C(4)-P(5) 115.2(6) O(46)-C(46)-W(1) 173.2(9)
C(17)-C(18) 1.3900 C(26)-P(5)-C(20) 101.2(5) F(11)-B(10)-F(13)#1 110.8(9)
C(18)-C(19) 1.3900 C(26)-P(5)-C(4) 100.6(4) F(11)-B(10)-F(13) 110.8(9)
C(14’)-C(15’) 1.3900 C(20)-P(5)-C(4) 99.7(5) F(13)#1-B(10)-F(13) 108.5(15)
C(14’)-C(19’) 1.3900 C(26)-P(5)-W(1) 117.1(3) F(11)-B(10)-F(12) 111.1(16)
C(15’)-C(16’) 1.3900 C(20)-P(5)-W(1) 122.9(4) F(13)#1-B(10)-F(12) 107.8(9)
C(16’)-C(17’) 1.3900 C(4)-P(5)-W(1) 111.9(3) F(13)-B(10)-F(12) 107.8(9)
C(17’)-C(18’) 1.3900 N(1)-C(6)-P(7) 114.7(7) F(21)-B(20)-F(22) 113.1(19)
C(18’)-C(19’) 1.3900 C(38)-P(7)-C(32) 102.3(4) F(21)-B(20)-F(23) 109.7(11)
C(20)-C(25) 1.392(16) C(38)-P(7)-C(6) 99.4(5) F(22)-B(20)-F(23) 107.5(11)
C(20)-C(21) 1.400(15) C(32)-P(7)-C(6) 103.5(4) F(21)-B(20)-F(23)#1 109.7(11)
C(21)-C(22) 1.407(16) C(38)-P(7)-W(1) 119.7(3) F(22)-B(20)-F(23)#1 107.5(11)
C(22)-C(23) 1.403(19) C(32)-P(7)-W(1) 119.4(3) F(23)-B(20)-F(23)#1 109.3(15)
C(23)-C(24) 1.38(2) C(6)-P(7)-W(1) 109.9(3)
C(24)-C(25) 1.372(18) C(9)-C(8)-C(13) 118.7(10)
C(26)-C(27) 1.376(15) C(9)-C(8)-P(3) 116.8(8)
C(26)-C(31) 1.410(13) C(13)-C(8)-P(3) 124.5(8)
C(27)-C(28) 1.375(15) C(8)-C(9)-C(10) 121.4(10)
C(28)-C(29) 1.375(16) C(11)-C(10)-C(9) 119.3(11)
C(29)-C(30) 1.378(16) C(10)-C(11)-C(12) 120.7(11)
C(30)-C(31) 1.378(15) C(11)-C(12)-C(13) 119.7(11)
C(32)-C(33) 1.376(14) C(12)-C(13)-C(8) 120.1(10)
C(32)-C(37) 1.402(13) C(15)-C(14)-C(19) 120.0
C(33)-C(34) 1.385(15) C(15)-C(14)-P(3) 120.8(9)
C(34)-C(35) 1.394(17) C(19)-C(14)-P(3) 119.1(9)
C(35)-C(36) 1.357(17) C(14)-C(15)-C(16) 120.0
C(36)-C(37) 1.394(14) C(17)-C(16)-C(15) 120.0
C(38)-C(43) 1.397(13) C(16)-C(17)-C(18) 120.0
C(38)-C(39) 1.424(14) C(19)-C(18)-C(17) 120.0
C(39)-C(40) 1.384(14) C(18)-C(19)-C(14) 120.0
C(40)-C(41) 1.366(15) C(15’)-C(14’)-C(19’) 120.0
C(41)-C(42) 1.380(16) C(15’)-C(14’)-P(3) 116.5(13)
C(42)-C(43) 1.391(14) C(19’)-C(14’)-P(3) 123.4(13)
C(44)-O(44) 1.146(12) C(16’)-C(15’)-C(14’) 120.0
C(45)-O(45) 1.166(12) C(15’)-C(16’)-C(17’) 120.0
C(46)-O(46) 1.128(12) C(18’)-C(17’)-C(16’) 120.0
B(10)-F(11) 1.38(2) C(17’)-C(18’)-C(19’) 120.0
B(10)-F(13)#1 1.396(14) C(18’)-C(19’)-C(14’) 120.0
B(10)-F(13) 1.396(14) C(25)-C(20)-C(21) 120.0(10)
B(10)-F(12) 1.41(2) C(25)-C(20)-P(5) 120.8(9)
B(20)-F(21) 1.33(2) C(21)-C(20)-P(5) 119.0(8)
B(20)-F(22) 1.38(2) C(20)-C(21)-C(22) 118.8(11)
B(20)-F(23) 1.419(14) C(23)-C(22)-C(21) 119.8(12)
B(20)-F(23)#1 1.419(14) C(24)-C(23)-C(22) 120.3(12)
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Bond lengths (A˚) and angles (◦) for Complex 19
W(1)-C(44) 1.983(6) C(45)-W(1)-C(46) 85.1(2) C(24)-C(25)-C(20) 118.3(6)
W(1)-C(45) 1.987(6) C(44)-W(1)-P(7) 101.08(16) C(27)-C(26)-C(31) 120.1(5)
W(1)-C(46) 1.994(5) C(45)-W(1)-P(7) 93.02(16) C(27)-C(26)-P(5) 123.7(4)
W(1)-P(7) 2.4961(13) C(46)-W(1)-P(7) 170.79(16) C(31)-C(26)-P(5) 116.0(4)
W(1)-P(3) 2.5038(14) C(44)-W(1)-P(3) 173.46(16) C(28)-C(27)-C(26) 119.0(6)
W(1)-P(5) 2.5059(13) C(45)-W(1)-P(3) 97.11(17) F(28)-C(28)-C(27) 118.2(6)
N(1)-C(4) 1.450(7) C(46)-W(1)-P(3) 86.67(17) F(28)-C(28)-C(29) 118.6(5)
N(1)-C(2) 1.459(6) P(7)-W(1)-P(3) 84.63(4) C(27)-C(28)-C(29) 123.3(6)
N(1)-C(6) 1.463(7) C(44)-W(1)-P(5) 89.49(16) C(30)-C(29)-C(28) 116.0(5)
C(2)-P(3) 1.885(6) C(45)-W(1)-P(5) 171.88(16) F(30)-C(30)-C(29) 117.8(5)
P(3)-C(14) 1.837(6) C(46)-W(1)-P(5) 101.41(17) F(30)-C(30)-C(31) 118.2(6)
P(3)-C(8) 1.839(6) P(7)-W(1)-P(5) 81.36(4) C(29)-C(30)-C(31) 124.0(6)
C(4)-P(5) 1.882(6) P(3)-W(1)-P(5) 88.23(4) C(30)-C(31)-C(26) 117.7(6)
P(5)-C(20) 1.834(6) C(4)-N(1)-C(2) 116.2(4) C(33)-C(32)-C(37) 120.1(5)
P(5)-C(26) 1.851(5) C(4)-N(1)-C(6) 117.1(4) C(33)-C(32)-P(7) 120.2(4)
C(6)-P(7) 1.892(6) C(2)-N(1)-C(6) 116.0(4) C(37)-C(32)-P(7) 119.8(4)
P(7)-C(32) 1.844(6) N(1)-C(2)-P(3) 116.4(4) C(34)-C(33)-C(32) 118.8(6)
P(7)-C(38) 1.846(5) C(14)-P(3)-C(8) 100.6(3) F(34)-C(34)-C(35) 117.9(5)
C(8)-C(13) 1.387(9) C(14)-P(3)-C(2) 104.4(3) F(34)-C(34)-C(33) 118.8(5)
C(8)-C(9) 1.389(10) C(8)-P(3)-C(2) 99.8(3) C(35)-C(34)-C(33) 123.3(5)
C(9)-C(10) 1.380(10) C(14)-P(3)-W(1) 112.18(18) C(34)-C(35)-C(36) 116.2(5)
C(10)-F(10) 1.349(10) C(8)-P(3)-W(1) 124.2(2) F(36)-C(36)-C(37) 118.7(5)
C(10)-C(11) 1.373(13) C(2)-P(3)-W(1) 113.15(17) F(36)-C(36)-C(35) 117.7(5)
C(11)-C(12) 1.366(13) N(1)-C(4)-P(5) 116.3(4) C(37)-C(36)-C(35) 123.6(5)
C(12)-F(12) 1.338(10) C(20)-P(5)-C(26) 98.9(2) C(36)-C(37)-C(32) 118.0(5)
C(12)-C(13) 1.384(9) C(20)-P(5)-C(4) 101.8(3) C(43)-C(38)-C(39) 120.1(6)
C(14)-C(19) 1.389(9) C(26)-P(5)-C(4) 103.6(3) C(43)-C(38)-P(7) 124.3(5)
C(14)-C(15) 1.395(8) C(20)-P(5)-W(1) 124.6(2) C(39)-C(38)-P(7) 115.0(4)
C(15)-C(16) 1.371(9) C(26)-P(5)-W(1) 113.08(18) C(40)-C(39)-C(38) 118.4(6)
C(16)-F(16) 1.352(8) C(4)-P(5)-W(1) 112.28(17) F(40)-C(40)-C(41) 118.9(6)
C(16)-C(17) 1.366(11) N(1)-C(6)-P(7) 117.4(4) F(40)-C(40)-C(39) 117.7(6)
C(17)-C(18) 1.377(10) C(32)-P(7)-C(38) 99.0(2) C(41)-C(40)-C(39) 123.4(7)
C(18)-F(18) 1.358(8) C(32)-P(7)-C(6) 101.4(3) C(42)-C(41)-C(40) 116.2(6)
C(18)-C(19) 1.368(9) C(38)-P(7)-C(6) 105.8(3) C(41)-C(42)-F(42) 118.5(6)
C(20)-C(21) 1.386(9) C(32)-P(7)-W(1) 123.31(17) C(41)-C(42)-C(43) 124.5(7)
C(20)-C(25) 1.390(9) C(38)-P(7)-W(1) 112.95(18) F(42)-C(42)-C(43) 117.0(8)
C(21)-C(22) 1.386(10) C(6)-P(7)-W(1) 112.30(18) C(38)-C(43)-C(42) 117.4(7)
C(22)-F(22) 1.347(9) C(13)-C(8)-C(9) 120.0(6) O(44)-C(44)-W(1) 175.7(5)
C(22)-C(23) 1.368(12) C(13)-C(8)-P(3) 119.6(5) O(45)-C(45)-W(1) 175.6(5)
C(23)-C(24) 1.371(11) C(9)-C(8)-P(3) 120.4(5) O(46)-C(46)-W(1) 175.6(5)
C(24)-F(24) 1.359(8) C(10)-C(9)-C(8) 118.0(7)
C(24)-C(25) 1.379(9) F(10)-C(10)-C(11) 119.0(7)
C(26)-C(27) 1.390(8) F(10)-C(10)-C(9) 117.7(8)
C(26)-C(31) 1.395(8) C(11)-C(10)-C(9) 123.3(8)
C(27)-C(28) 1.377(8) C(12)-C(11)-C(10) 117.3(6)
C(28)-F(28) 1.352(7) F(12)-C(12)-C(11) 119.1(7)
C(28)-C(29) 1.379(9) F(12)-C(12)-C(13) 118.8(8)
C(29)-C(30) 1.374(9) C(11)-C(12)-C(13) 122.1(8)
C(30)-F(30) 1.359(7) C(12)-C(13)-C(8) 119.2(7)
C(30)-C(31) 1.391(8) C(19)-C(14)-C(15) 119.8(5)
C(32)-C(33) 1.384(8) C(19)-C(14)-P(3) 121.4(4)
C(32)-C(37) 1.397(8) C(15)-C(14)-P(3) 118.4(5)
C(33)-C(34) 1.383(8) C(16)-C(15)-C(14) 118.5(6)
C(34)-F(34) 1.345(7) F(16)-C(16)-C(17) 117.9(6)
C(34)-C(35) 1.367(9) F(16)-C(16)-C(15) 118.9(6)
C(35)-C(36) 1.384(8) C(17)-C(16)-C(15) 123.3(6)
C(36)-F(36) 1.360(7) C(16)-C(17)-C(18) 116.7(6)
C(36)-C(37) 1.379(8) F(18)-C(18)-C(19) 118.3(6)
C(38)-C(43) 1.379(9) F(18)-C(18)-C(17) 118.6(6)
C(38)-C(39) 1.390(9) C(19)-C(18)-C(17) 123.1(6)
C(39)-C(40) 1.383(8) C(18)-C(19)-C(14) 118.7(6)
C(40)-F(40) 1.359(8) C(21)-C(20)-C(25) 119.8(6)
C(40)-C(41) 1.363(10) C(21)-C(20)-P(5) 120.5(5)
C(41)-C(42) 1.347(12) C(25)-C(20)-P(5) 119.6(4)
C(42)-F(42) 1.351(9) C(20)-C(21)-C(22) 118.6(7)
C(42)-C(43) 1.397(10) F(22)-C(22)-C(23) 118.5(7)
C(44)-O(44) 1.163(7) F(22)-C(22)-C(21) 118.1(8)
C(45)-O(45) 1.153(8) C(23)-C(22)-C(21) 123.4(7)
C(46)-O(46) 1.147(7) C(22)-C(23)-C(24) 116.0(6)
F(24)-C(24)-C(23) 117.8(6)
C(44)-W(1)-C(45) 85.8(2) F(24)-C(24)-C(25) 118.4(6)
C(44)-W(1)-C(46) 87.8(2) C(23)-C(24)-C(25) 123.9(7)
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Bond lengths (A˚) and angles (◦) for Complex 21
W(1A)-C(28A) 1.994(11) C(28A)-W(1A)-C(27A) 88.0(4) P(3B)-W(1B)-P(5B) 82.33(8)
W(1A)-C(27A) 2.019(11) C(28A)-W(1A)-C(29A) 85.9(4) C(4B)-N(1B)-C(6B) 106.0(8)
W(1A)-C(29A) 2.041(10) C(27A)-W(1A)-C(29A) 84.8(4) C(4B)-N(1B)-C(2B) 112.0(8)
W(1A)-C(26A) 2.047(12) C(28A)-W(1A)-C(26A) 84.3(4) C(6B)-N(1B)-C(2B) 107.6(8)
W(1A)-P(3A) 2.529(2) C(27A)-W(1A)-C(26A) 90.0(4) N(1B)-C(2B)-P(3B) 115.6(7)
W(1A)-P(5A) 2.548(3) C(29A)-W(1A)-C(26A) 169.1(4) C(2B)-P(3B)-C(8B) 101.6(5)
N(1A)-C(4A) 1.468(12) C(28A)-W(1A)-P(3A) 94.7(3) C(2B)-P(3B)-C(11B) 98.3(5)
N(1A)-C(2A) 1.486(12) C(27A)-W(1A)-P(3A) 177.0(3) C(8B)-P(3B)-C(11B) 105.1(5)
N(1A)-C(6A) 1.486(12) C(29A)-W(1A)-P(3A) 96.8(3) C(2B)-P(3B)-W(1B) 112.2(3)
C(2A)-P(3A) 1.826(10) C(26A)-W(1A)-P(3A) 88.8(3) C(8B)-P(3B)-W(1B) 119.5(4)
P(3A)-C(11A) 1.863(10) C(28A)-W(1A)-P(5A) 171.8(3) C(11B)-P(3B)-W(1B) 117.1(3)
P(3A)-C(8A) 1.867(10) C(27A)-W(1A)-P(5A) 94.8(3) N(1B)-C(4B)-P(5B) 115.2(7)
C(4A)-P(5A) 1.869(11) C(29A)-W(1A)-P(5A) 101.9(3) C(4B)-P(5B)-C(17B) 97.9(5)
P(5A)-C(14A) 1.855(11) C(26A)-W(1A)-P(5A) 88.0(3) C(4B)-P(5B)-C(14B) 98.4(6)
P(5A)-C(17A) 1.857(11) P(3A)-W(1A)-P(5A) 82.36(8) C(17B)-P(5B)-C(14B) 105.5(5)
C(6A)-P(7A) 1.870(10) C(4A)-N(1A)-C(2A) 111.5(8) C(4B)-P(5B)-W(1B) 111.4(4)
P(7A)-C(23A) 1.856(12) C(4A)-N(1A)-C(6A) 106.1(8) C(17B)-P(5B)-W(1B) 116.6(4)
P(7A)-C(20A) 1.857(12) C(2A)-N(1A)-C(6A) 109.0(7) C(14B)-P(5B)-W(1B) 122.8(4)
C(8A)-C(9A) 1.517(17) N(1A)-C(2A)-P(3A) 116.4(7) N(1B)-C(6B)-P(7B) 115.4(7)
C(8A)-C(10A) 1.527(15) C(2A)-P(3A)-C(11A) 97.8(5) C(20B)-P(7B)-C(23”) 109.5(16)
C(11A)-C(12A) 1.530(15) C(2A)-P(3A)-C(8A) 100.4(5) C(20B)-P(7B)-C(6B) 101.1(5)
C(11A)-C(13A) 1.536(15) C(11A)-P(3A)-C(8A) 104.1(5) C(23”)-P(7B)-C(6B) 109.7(17)
C(14A)-C(15A) 1.524(18) C(2A)-P(3A)-W(1A) 112.1(3) C(20B)-P(7B)-C(23B) 100.2(6)
C(14A)-C(16A) 1.559(15) C(11A)-P(3A)-W(1A) 117.8(4) C(6B)-P(7B)-C(23B) 98.5(6)
C(17A)-C(18A) 1.516(16) C(8A)-P(3A)-W(1A) 121.0(4) C(9B)-C(8B)-C(10B) 110.8(10)
C(17A)-C(19A) 1.555(16) N(1A)-C(4A)-P(5A) 115.7(7) C(9B)-C(8B)-P(3B) 116.0(8)
C(20A)-C(22A) 1.528(17) C(14A)-P(5A)-C(17A) 104.9(5) C(10B)-C(8B)-P(3B) 114.0(8)
C(20A)-C(21A) 1.549(18) C(14A)-P(5A)-C(4A) 99.8(5) C(12B)-C(11B)-C(13B) 111.9(9)
C(23A)-C(24A) 1.476(17) C(17A)-P(5A)-C(4A) 97.7(5) C(12B)-C(11B)-P(3B) 112.9(8)
C(23A)-C(25A) 1.555(19) C(14A)-P(5A)-W(1A) 122.1(4) C(13B)-C(11B)-P(3B) 111.2(7)
C(26A)-O(26A) 1.116(13) C(17A)-P(5A)-W(1A) 116.8(4) C(16B)-C(14B)-C(15B) 111.2(11)
C(27A)-O(27A) 1.134(13) C(4A)-P(5A)-W(1A) 111.5(4) C(16B)-C(14B)-P(5B) 114.3(9)
C(28A)-O(28A) 1.124(13) N(1A)-C(6A)-P(7A) 114.1(7) C(15B)-C(14B)-P(5B) 112.2(8)
C(29A)-O(29A) 1.149(13) C(23A)-P(7A)-C(20A) 103.3(6) C(19B)-C(17B)-C(18B) 110.6(9)
W(1B)-C(27B) 1.999(10) C(23A)-P(7A)-C(6A) 99.4(5) C(19B)-C(17B)-P(5B) 111.2(8)
W(1B)-C(28B) 2.000(12) C(20A)-P(7A)-C(6A) 100.7(5) C(18B)-C(17B)-P(5B) 111.8(8)
W(1B)-C(29B) 2.006(12) C(9A)-C(8A)-C(10A) 111.2(9) C(21B)-C(20B)-C(22B) 110.9(10)
W(1B)-C(26B) 2.025(13) C(9A)-C(8A)-P(3A) 113.3(8) C(21B)-C(20B)-P(7B) 107.0(10)
W(1B)-P(3B) 2.536(2) C(10A)-C(8A)-P(3A) 114.9(7) C(22B)-C(20B)-P(7B) 112.6(9)
W(1B)-P(5B) 2.548(3) C(12A)-C(11A)-C(13A) 109.3(9) C(24B)-C(23B)-C(25B) 109.6(13)
N(1B)-C(4B) 1.460(13) C(12A)-C(11A)-P(3A) 111.5(8) C(24B)-C(23B)-P(7B) 107.8(11)
N(1B)-C(6B) 1.470(13) C(13A)-C(11A)-P(3A) 111.3(7) C(25B)-C(23B)-P(7B) 118.6(10)
N(1B)-C(2B) 1.482(13) C(15A)-C(14A)-C(16A) 111.3(9) C(25”)-C(23”)-C(24”) 111(2)
C(2B)-P(3B) 1.845(11) C(15A)-C(14A)-P(5A) 112.8(7) C(25”)-C(23”)-P(7B) 105(3)
P(3B)-C(8B) 1.871(11) C(16A)-C(14A)-P(5A) 114.9(9) C(24”)-C(23”)-P(7B) 103(4)
P(3B)-C(11B) 1.883(11) C(18A)-C(17A)-C(19A) 110.6(9) O(26B)-C(26B)-W(1B) 172.5(10)
C(4B)-P(5B) 1.868(10) C(18A)-C(17A)-P(5A) 113.0(8) O(27B)-C(27B)-W(1B) 176.7(9)
P(5B)-C(17B) 1.871(10) C(19A)-C(17A)-P(5A) 110.7(8) O(28B)-C(28B)-W(1B) 176.2(10)
P(5B)-C(14B) 1.882(11) C(22A)-C(20A)-C(21A) 111.3(12) O(29B)-C(29B)-W(1B) 170.8(9)
C(6B)-P(7B) 1.869(11) C(22A)-C(20A)-P(7A) 109.3(8)
P(7B)-C(20B) 1.827(12) C(21A)-C(20A)-P(7A) 107.6(9)
P(7B)-C(23”) 1.86(2) C(24A)-C(23A)-C(25A) 110.9(12)
P(7B)-C(23B) 1.880(13) C(24A)-C(23A)-P(7A) 111.6(9)
C(8B)-C(9B) 1.470(17) C(25A)-C(23A)-P(7A) 114.9(9)
C(8B)-C(10B) 1.551(15) O(26A)-C(26A)-W(1A) 174.1(10)
C(11B)-C(12B) 1.487(15) O(27A)-C(27A)-W(1A) 178.3(10)
C(11B)-C(13B) 1.504(17) O(28A)-C(28A)-W(1A) 176.3(10)
C(14B)-C(16B) 1.542(16) O(29A)-C(29A)-W(1A) 169.8(9)
C(14B)-C(15B) 1.544(19) C(27B)-W(1B)-C(28B) 88.0(5)
C(17B)-C(19B) 1.519(17) C(27B)-W(1B)-C(29B) 84.0(4)
C(17B)-C(18B) 1.532(16) C(28B)-W(1B)-C(29B) 85.7(4)
C(20B)-C(21B) 1.529(18) C(27B)-W(1B)-C(26B) 88.8(4)
C(20B)-C(22B) 1.529(16) C(28B)-W(1B)-C(26B) 84.9(5)
C(23B)-C(24B) 1.533(14) C(29B)-W(1B)-C(26B) 168.3(4)
C(23B)-C(25B) 1.536(15) C(27B)-W(1B)-P(3B) 176.8(3)
C(23”)-C(25”) 1.53(2) C(28B)-W(1B)-P(3B) 94.9(3)
C(23”)-C(24”) 1.53(2) C(29B)-W(1B)-P(3B) 97.7(3)
C(26B)-O(26B) 1.153(15) C(26B)-W(1B)-P(3B) 90.0(3)
C(27B)-O(27B) 1.147(13) C(27B)-W(1B)-P(5B) 94.7(3)
C(28B)-O(28B) 1.141(14) C(28B)-W(1B)-P(5B) 172.1(3)
C(29B)-O(29B) 1.182(13) C(29B)-W(1B)-P(5B) 102.0(3)
C(26B)-W(1B)-P(5B) 87.7(3)
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Bond lengths (A˚) and angles (◦) for Complex 22
W(1)-C(38) 1.995(5) C(41)-W(1)-P(5) 92.19(11) C(36)-C(35)-C(34) 105.7(4)
W(1)-C(40) 1.999(4) P(3)-W(1)-P(5) 88.66(3) C(35)-C(36)-C(37) 104.8(4)
W(1)-C(39) 2.020(4) C(2)-N(1)-C(4) 111.1(3) C(36)-C(37)-C(33) 103.7(4)
W(1)-C(41) 2.029(4) C(2)-N(1)-C(6) 110.9(3) O(38)-C(38)-W(1) 179.1(4)
W(1)-P(3) 2.5269(9) C(4)-N(1)-C(6) 111.4(3) O(39)-C(39)-W(1) 175.2(4)
W(1)-P(5) 2.5283(9) N(1)-C(2)-P(3) 114.7(2) O(40)-C(40)-W(1) 175.9(4)
N(1)-C(2) 1.464(4) C(8)-P(3)-C(13) 100.80(16) O(41)-C(41)-W(1) 175.2(4)
N(1)-C(4) 1.466(4) C(8)-P(3)-C(2) 100.91(17)
N(1)-C(6) 1.468(4) C(13)-P(3)-C(2) 102.40(17)
C(2)-P(3) 1.868(4) C(8)-P(3)-W(1) 117.87(12)
P(3)-C(8) 1.849(3) C(13)-P(3)-W(1) 113.44(13)
P(3)-C(13) 1.852(4) C(2)-P(3)-W(1) 118.74(11)
C(4)-P(5) 1.856(4) N(1)-C(4)-P(5) 111.0(3)
P(5)-C(23’) 1.847(14) C(23’)-P(5)-C(18) 101.4(7)
P(5)-C(18) 1.851(4) C(23’)-P(5)-C(4) 105.2(6)
P(5)-C(23) 1.860(7) C(18)-P(5)-C(4) 100.89(17)
C(6)-P(7) 1.866(3) C(18)-P(5)-C(23) 106.1(3)
P(7)-C(33) 1.846(4) C(4)-P(5)-C(23) 97.5(4)
P(7)-C(28) 1.856(4) C(23’)-P(5)-W(1) 119.8(7)
C(8)-C(12) 1.532(5) C(18)-P(5)-W(1) 113.08(13)
C(8)-C(9) 1.550(5) C(4)-P(5)-W(1) 114.08(12)
C(9)-C(10) 1.547(5) C(23)-P(5)-W(1) 122.3(3)
C(10)-C(11) 1.528(7) N(1)-C(6)-P(7) 111.3(2)
C(11)-C(12) 1.527(5) C(33)-P(7)-C(28) 105.69(18)
C(13)-C(14) 1.542(5) C(33)-P(7)-C(6) 98.59(17)
C(13)-C(17) 1.557(5) C(28)-P(7)-C(6) 99.08(18)
C(14)-C(15) 1.520(6) C(12)-C(8)-C(9) 104.9(3)
C(15)-C(16) 1.530(6) C(12)-C(8)-P(3) 113.6(3)
C(16)-C(17) 1.526(6) C(9)-C(8)-P(3) 114.2(2)
C(18)-C(22) 1.535(5) C(10)-C(9)-C(8) 105.4(3)
C(18)-C(19) 1.539(6) C(11)-C(10)-C(9) 105.9(3)
C(19)-C(20) 1.533(6) C(12)-C(11)-C(10) 104.4(3)
C(20)-C(21) 1.473(7) C(11)-C(12)-C(8) 102.3(3)
C(21)-C(22) 1.491(6) C(14)-C(13)-C(17) 105.0(3)
C(23)-C(27) 1.543(10) C(14)-C(13)-P(3) 116.2(3)
C(23)-C(24) 1.546(10) C(17)-C(13)-P(3) 113.8(2)
C(24)-C(25) 1.539(8) C(15)-C(14)-C(13) 103.7(3)
C(25)-C(26) 1.512(9) C(14)-C(15)-C(16) 103.1(3)
C(26)-C(27) 1.524(8) C(17)-C(16)-C(15) 105.6(3)
C(23’)-C(24’) 1.523(14) C(16)-C(17)-C(13) 106.1(3)
C(23’)-C(27’) 1.545(14) C(22)-C(18)-C(19) 104.4(3)
C(24’)-C(25’) 1.521(13) C(22)-C(18)-P(5) 118.6(3)
C(25’)-C(26’) 1.524(13) C(19)-C(18)-P(5) 114.7(2)
C(26’)-C(27’) 1.543(14) C(20)-C(19)-C(18) 104.6(3)
C(28)-C(32) 1.536(6) C(21)-C(20)-C(19) 107.9(4)
C(28)-C(29) 1.538(6) C(20)-C(21)-C(22) 109.0(4)
C(29)-C(30) 1.532(7) C(21)-C(22)-C(18) 105.7(4)
C(30)-C(31) 1.499(9) C(27)-C(23)-C(24) 105.2(5)
C(31)-C(32) 1.505(8) C(27)-C(23)-P(5) 115.6(7)
C(33)-C(37) 1.541(5) C(24)-C(23)-P(5) 113.1(7)
C(33)-C(34) 1.553(6) C(25)-C(24)-C(23) 103.0(5)
C(34)-C(35) 1.529(6) C(26)-C(25)-C(24) 103.0(5)
C(35)-C(36) 1.482(9) C(25)-C(26)-C(27) 106.8(5)
C(36)-C(37) 1.513(8) C(26)-C(27)-C(23) 106.1(5)
C(38)-O(38) 1.153(6) C(24’)-C(23’)-C(27’) 105.0(9)
C(39)-O(39) 1.155(5) C(24’)-C(23’)-P(5) 117.1(14)
C(40)-O(40) 1.149(5) C(27’)-C(23’)-P(5) 111.3(14)
C(41)-O(41) 1.148(5) C(25’)-C(24’)-C(23’) 107.1(8)
C(24’)-C(25’)-C(26’) 105.8(8)
C(38)-W(1)-C(40) 88.08(18) C(25’)-C(26’)-C(27’) 103.2(9)
C(38)-W(1)-C(39) 88.71(17) C(26’)-C(27’)-C(23’) 102.0(9)
C(40)-W(1)-C(39) 85.75(16) C(32)-C(28)-C(29) 105.8(4)
C(38)-W(1)-C(41) 91.11(17) C(32)-C(28)-P(7) 120.5(3)
C(40)-W(1)-C(41) 87.00(17) C(29)-C(28)-P(7) 112.1(3)
C(39)-W(1)-C(41) 172.75(16) C(30)-C(29)-C(28) 103.9(4)
C(38)-W(1)-P(3) 87.86(12) C(31)-C(30)-C(29) 103.3(4)
C(40)-W(1)-P(3) 175.15(13) C(30)-C(31)-C(32) 108.7(4)
C(39)-W(1)-P(3) 91.52(11) C(31)-C(32)-C(28) 105.6(4)
C(41)-W(1)-P(3) 95.71(12) C(37)-C(33)-C(34) 105.1(3)
C(38)-W(1)-P(5) 175.42(12) C(37)-C(33)-P(7) 113.0(3)
C(40)-W(1)-P(5) 95.26(13) C(34)-C(33)-P(7) 111.2(3)
C(39)-W(1)-P(5) 88.41(12) C(35)-C(34)-C(33) 105.8(4)
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Bond lengths (A˚) and angles (◦) for Complex 23
W(1)-C(40) 1.976(14) N(1)-C(2)-P(3) 114.8(7)
W(1)-C(38) 2.010(14) C(13)-P(3)-C(8) 100.7(4)
W(1)-C(41) 2.050(11) C(13)-P(3)-C(2) 101.9(5)
W(1)-C(39) 2.061(10) C(8)-P(3)-C(2) 100.0(5)
W(1)-P(3) 2.527(2) C(13)-P(3)-W(1) 114.3(3)
W(1)-P(5) 2.528(2) C(8)-P(3)-W(1) 117.8(3)
N(1)-C(4) 1.470(13) C(2)-P(3)-W(1) 119.2(3)
N(1)-C(6) 1.473(12) N(1)-C(4)-P(5) 111.8(7)
N(1)-C(2) 1.488(11) C(23)-P(5)-C(4) 100.0(5)
C(2)-P(3) 1.867(10) C(23)-P(5)-C(18) 103.9(5)
P(3)-C(13) 1.825(10) C(4)-P(5)-C(18) 101.7(5)
P(3)-C(8) 1.857(9) C(23)-P(5)-W(1) 121.4(4)
C(4)-P(5) 1.844(11) C(4)-P(5)-W(1) 113.7(3)
P(5)-C(23) 1.834(10) C(18)-P(5)-W(1) 113.5(3)
P(5)-C(18) 1.858(9) N(1)-C(6)-P(7) 111.9(7)
C(6)-P(7) 1.845(9) O(7)-P(7)-C(28) 113.5(5)
P(7)-O(7) 1.480(8) O(7)-P(7)-C(33) 111.9(5)
P(7)-C(28) 1.811(13) C(28)-P(7)-C(33) 110.3(6)
P(7)-C(33) 1.813(11) O(7)-P(7)-C(6) 114.4(4)
C(8)-C(9) 1.516(14) C(28)-P(7)-C(6) 103.3(5)
C(8)-C(12) 1.551(13) C(33)-P(7)-C(6) 102.8(5)
C(9)-C(10) 1.539(15) C(9)-C(8)-C(12) 105.0(8)
C(10)-C(11) 1.532(19) C(9)-C(8)-P(3) 115.4(7)
C(11)-C(12) 1.527(15) C(12)-C(8)-P(3) 113.1(7)
C(13)-C(14) 1.524(13) C(8)-C(9)-C(10) 106.9(9)
C(13)-C(17) 1.552(14) C(11)-C(10)-C(9) 105.0(9)
C(14)-C(15) 1.526(16) C(12)-C(11)-C(10) 104.3(9)
C(15)-C(16) 1.550(18) C(11)-C(12)-C(8) 101.4(8)
C(16)-C(17) 1.521(16) C(14)-C(13)-C(17) 104.6(8)
C(18)-C(19) 1.532(15) C(14)-C(13)-P(3) 117.5(7)
C(18)-C(22) 1.538(15) C(17)-C(13)-P(3) 115.0(7)
C(19)-C(20) 1.549(15) C(13)-C(14)-C(15) 105.6(9)
C(20)-C(21) 1.46(2) C(14)-C(15)-C(16) 102.5(9)
C(21)-C(22) 1.486(17) C(17)-C(16)-C(15) 106.0(9)
C(23)-C(24) 1.509(17) C(16)-C(17)-C(13) 107.1(9)
C(23)-C(27) 1.582(16) C(19)-C(18)-C(22) 105.2(8)
C(24)-C(25) 1.536(19) C(19)-C(18)-P(5) 114.9(6)
C(25)-C(26) 1.36(2) C(22)-C(18)-P(5) 118.7(8)
C(26)-C(27) 1.510(17) C(18)-C(19)-C(20) 104.5(9)
C(28)-C(32) 1.522(17) C(21)-C(20)-C(19) 107.1(11)
C(28)-C(29) 1.566(18) C(20)-C(21)-C(22) 110.3(11)
C(29)-C(30) 1.529(19) C(21)-C(22)-C(18) 104.5(11)
C(30)-C(31) 1.50(3) C(24)-C(23)-C(27) 104.4(9)
C(31)-C(32) 1.52(2) C(24)-C(23)-P(5) 115.3(9)
C(33)-C(34) 1.544(18) C(27)-C(23)-P(5) 114.7(7)
C(33)-C(37) 1.546(15) C(23)-C(24)-C(25) 103.8(12)
C(34)-C(35) 1.531(18) C(26)-C(25)-C(24) 107.8(12)
C(35)-C(36) 1.43(3) C(25)-C(26)-C(27) 112.2(12)
C(36)-C(37) 1.48(2) C(26)-C(27)-C(23) 103.1(10)
C(38)-O(38) 1.136(17) C(32)-C(28)-C(29) 105.8(10)
C(39)-O(39) 1.113(13) C(32)-C(28)-P(7) 119.6(10)
C(40)-O(40) 1.178(16) C(29)-C(28)-P(7) 112.7(8)
C(41)-O(41) 1.128(13) C(30)-C(29)-C(28) 103.4(11)
C(31)-C(30)-C(29) 103.8(13)
C(40)-W(1)-C(38) 88.7(5) C(30)-C(31)-C(32) 107.3(12)
C(40)-W(1)-C(41) 86.5(5) C(31)-C(32)-C(28) 106.3(13)
C(38)-W(1)-C(41) 91.6(5) C(34)-C(33)-C(37) 103.9(10)
C(40)-W(1)-C(39) 86.0(4) C(34)-C(33)-P(7) 110.9(8)
C(38)-W(1)-C(39) 89.5(4) C(37)-C(33)-P(7) 113.2(8)
C(41)-W(1)-C(39) 172.4(4) C(35)-C(34)-C(33) 104.9(11)
C(40)-W(1)-P(3) 175.4(4) C(36)-C(35)-C(34) 106.8(13)
C(38)-W(1)-P(3) 87.5(3) C(35)-C(36)-C(37) 105.1(13)
C(41)-W(1)-P(3) 96.1(3) C(36)-C(37)-C(33) 104.4(12)
C(39)-W(1)-P(3) 91.5(3) O(38)-C(38)-W(1) 178.7(11)
C(40)-W(1)-P(5) 95.0(3) O(39)-C(39)-W(1) 175.0(10)
C(38)-W(1)-P(5) 175.4(3) O(40)-C(40)-W(1) 174.7(11)
C(41)-W(1)-P(5) 91.4(3) O(41)-C(41)-W(1) 175.5(11)
C(39)-W(1)-P(5) 87.9(3)
P(3)-W(1)-P(5) 88.71(7)
C(4)-N(1)-C(6) 112.0(8)
C(4)-N(1)-C(2) 111.0(7)
C(6)-N(1)-C(2) 109.7(7)
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Bond lengths (A˚) and angles (◦) for Complex 24
W(1A)-C(38A) 2.010(7) C(6B)-N(7B) 1.3900 C(4A)-P(5A)-W(1A) 110.5(2)
W(1A)-C(37A) 2.027(6) C(6B)-C(11B) 1.3900 C(24A)-P(5A)-W(1A) 116.4(2)
W(1A)-C(36A) 2.028(6) N(7B)-C(8B) 1.3900 C(30A)-P(5A)-W(1A) 122.7(2)
W(1A)-C(39A) 2.036(6) C(8B)-C(9B) 1.3900 N(1A)-C(6A)-N(7A) 113.1(9)
W(1A)-P(3A) 2.5420(15) C(9B)-C(10B) 1.3900 N(1A)-C(6A)-C(11A) 126.7(8)
W(1A)-P(5A) 2.5596(16) C(10B)-C(11B) 1.3900 N(7A)-C(6A)-C(11A) 120.0
N(1A)-C(6A) 1.377(7) C(6”)-N(7”) 1.3900 C(6A)-N(7A)-C(8A) 120.0
N(1A)-C(6’) 1.420(12) C(6”)-C(11”) 1.3900 N(7A)-C(8A)-C(9A) 120.0
N(1A)-C(2A) 1.451(8) N(7”)-C(8”) 1.3900 C(10A)-C(9A)-C(8A) 120.0
N(1A)-C(4A) 1.469(8) C(8”)-C(9”) 1.3900 C(9A)-C(10A)-C(11A) 120.0
C(2A)-P(3A) 1.865(6) C(9”)-C(10”) 1.3900 C(10A)-C(11A)-C(6A) 120.0
P(3A)-C(18A) 1.868(6) C(10”)-C(11”) 1.3900 N(7’)-C(6’)-C(11’) 120.0
P(3A)-C(12A) 1.894(6) C(12B)-C(13B) 1.534(10) N(7’)-C(6’)-N(1A) 108.6(18)
C(4A)-P(5A) 1.862(6) C(12B)-C(17B) 1.542(10) C(11’)-C(6’)-N(1A) 131.4(18)
P(5A)-C(24A) 1.871(6) C(13B)-C(14B) 1.513(11) C(8’)-N(7’)-C(6’) 120.0
P(5A)-C(30A) 1.877(5) C(14B)-C(15B) 1.508(11) N(7’)-C(8’)-C(9’) 120.0
C(6A)-N(7A) 1.3900 C(15B)-C(16B) 1.516(11) C(8’)-C(9’)-C(10’) 120.0
C(6A)-C(11A) 1.3900 C(16B)-C(17B) 1.491(10) C(11’)-C(10’)-C(9’) 120.0
N(7A)-C(8A) 1.3900 C(18B)-C(23B) 1.537(10) C(10’)-C(11’)-C(6’) 120.0
C(8A)-C(9A) 1.3900 C(18B)-C(19B) 1.538(11) C(17A)-C(12A)-C(13A) 110.4(5)
C(9A)-C(10A) 1.3900 C(19B)-C(20B) 1.529(11) C(17A)-C(12A)-P(3A) 113.7(4)
C(10A)-C(11A) 1.3900 C(20B)-C(21B) 1.530(11) C(13A)-C(12A)-P(3A) 112.1(4)
C(6’)-N(7’) 1.3900 C(21B)-C(22B) 1.513(12) C(12A)-C(13A)-C(14A) 109.9(5)
C(6’)-C(11’) 1.3900 C(22B)-C(23B) 1.521(10) C(15A)-C(14A)-C(13A) 110.8(5)
N(7’)-C(8’) 1.3900 C(24B)-C(25B) 1.540(11) C(14A)-C(15A)-C(16A) 111.4(6)
C(8’)-C(9’) 1.3900 C(24B)-C(29B) 1.552(10) C(15A)-C(16A)-C(17A) 110.7(5)
C(9’)-C(10’) 1.3900 C(25B)-C(26B) 1.547(12) C(12A)-C(17A)-C(16A) 107.9(5)
C(10’)-C(11’) 1.3900 C(26B)-C(27B) 1.539(13) C(19A)-C(18A)-C(23A) 109.3(5)
C(12A)-C(17A) 1.528(8) C(27B)-C(28B) 1.516(12) C(19A)-C(18A)-P(3A) 114.6(4)
C(12A)-C(13A) 1.537(9) C(28B)-C(29B) 1.521(12) C(23A)-C(18A)-P(3A) 110.8(5)
C(13A)-C(14A) 1.541(9) C(30B)-C(31B) 1.525(12) C(18A)-C(19A)-C(20A) 111.2(5)
C(14A)-C(15A) 1.533(9) C(30B)-C(35B) 1.541(11) C(21A)-C(20A)-C(19A) 111.5(6)
C(15A)-C(16A) 1.533(9) C(31B)-C(32B) 1.511(11) C(22A)-C(21A)-C(20A) 110.8(7)
C(16A)-C(17A) 1.564(8) C(32B)-C(33B) 1.516(12) C(21A)-C(22A)-C(23A) 111.5(6)
C(18A)-C(19A) 1.526(9) C(33B)-C(34B) 1.518(13) C(22A)-C(23A)-C(18A) 111.0(6)
C(18A)-C(23A) 1.549(8) C(34B)-C(35B) 1.530(11) C(25A)-C(24A)-C(29A) 112.1(5)
C(19A)-C(20A) 1.533(9) C(36B)-O(36B) 1.161(9) C(25A)-C(24A)-P(5A) 114.0(4)
C(20A)-C(21A) 1.522(11) C(37B)-O(37B) 1.184(10) C(29A)-C(24A)-P(5A) 110.2(4)
C(21A)-C(22A) 1.515(11) C(38B)-O(38B) 1.205(10) C(26A)-C(25A)-C(24A) 110.0(6)
C(22A)-C(23A) 1.532(9) C(39B)-O(39B) 1.151(9) C(27A)-C(26A)-C(25A) 111.8(7)
C(24A)-C(25A) 1.532(8) C(26A)-C(27A)-C(28A) 111.3(6)
C(24A)-C(29A) 1.532(8) C(38A)-W(1A)-C(37A) 88.8(2) C(27A)-C(28A)-C(29A) 111.7(6)
C(25A)-C(26A) 1.517(9) C(38A)-W(1A)-C(36A) 90.3(3) C(28A)-C(29A)-C(24A) 110.9(5)
C(26A)-C(27A) 1.512(11) C(37A)-W(1A)-C(36A) 84.8(3) C(35A)-C(30A)-C(31A) 110.9(5)
C(27A)-C(28A) 1.526(10) C(38A)-W(1A)-C(39A) 86.0(2) C(35A)-C(30A)-P(5A) 115.6(4)
C(28A)-C(29A) 1.528(9) C(37A)-W(1A)-C(39A) 85.5(3) C(31A)-C(30A)-P(5A) 114.6(4)
C(30A)-C(35A) 1.527(8) C(36A)-W(1A)-C(39A) 169.7(3) C(32A)-C(31A)-C(30A) 109.6(5)
C(30A)-C(31A) 1.544(8) C(38A)-W(1A)-P(3A) 91.40(16) C(33A)-C(32A)-C(31A) 110.4(6)
C(31A)-C(32A) 1.544(8) C(37A)-W(1A)-P(3A) 171.27(19) C(32A)-C(33A)-C(34A) 110.8(6)
C(32A)-C(33A) 1.514(10) C(36A)-W(1A)-P(3A) 86.44(18) C(33A)-C(34A)-C(35A) 113.0(6)
C(33A)-C(34A) 1.521(10) C(39A)-W(1A)-P(3A) 103.20(18) C(30A)-C(35A)-C(34A) 110.2(5)
C(34A)-C(35A) 1.536(8) C(38A)-W(1A)-P(5A) 175.61(16) O(36A)-C(36A)-W(1A) 176.1(6)
C(36A)-O(36A) 1.139(7) C(37A)-W(1A)-P(5A) 95.40(19) O(37A)-C(37A)-W(1A) 173.8(6)
C(37A)-O(37A) 1.136(7) C(36A)-W(1A)-P(5A) 88.9(2) O(38A)-C(38A)-W(1A) 178.9(6)
C(38A)-O(38A) 1.120(8) C(39A)-W(1A)-P(5A) 95.57(18) O(39A)-C(39A)-W(1A) 171.0(5)
C(39A)-O(39A) 1.153(7) P(3A)-W(1A)-P(5A) 84.25(5) C(38B)-W(1B)-C(37B) 87.7(4)
W(1B)-C(38B) 1.941(9) C(6A)-N(1A)-C(2A) 119.6(6) C(38B)-W(1B)-C(36B) 90.3(3)
W(1B)-C(37B) 1.949(10) C(6’)-N(1A)-C(2A) 126.5(11) C(37B)-W(1B)-C(36B) 84.4(3)
W(1B)-C(36B) 2.012(8) C(6A)-N(1A)-C(4A) 121.2(7) C(38B)-W(1B)-C(39B) 84.4(3)
W(1B)-C(39B) 2.037(8) C(6’)-N(1A)-C(4A) 115.0(12) C(37B)-W(1B)-C(39B) 87.6(3)
W(1B)-P(3B) 2.5305(19) C(2A)-N(1A)-C(4A) 117.0(5) C(36B)-W(1B)-C(39B) 170.6(3)
W(1B)-P(5B) 2.559(2) N(1A)-C(2A)-P(3A) 115.3(4) C(38B)-W(1B)-P(3B) 92.0(2)
N(1B)-C(6B) 1.357(8) C(2A)-P(3A)-C(18A) 96.6(3) C(37B)-W(1B)-P(3B) 170.5(2)
N(1B)-C(6”) 1.365(12) C(2A)-P(3A)-C(12A) 101.1(3) C(36B)-W(1B)-P(3B) 86.1(2)
N(1B)-C(2B) 1.444(10) C(18A)-P(3A)-C(12A) 106.8(3) C(39B)-W(1B)-P(3B) 101.8(2)
N(1B)-C(4B) 1.450(9) C(2A)-P(3A)-W(1A) 110.2(2) C(38B)-W(1B)-P(5B) 175.6(2)
C(2B)-P(3B) 1.880(7) C(18A)-P(3A)-W(1A) 118.68(19) C(37B)-W(1B)-P(5B) 96.3(3)
P(3B)-C(12B) 1.820(7) C(12A)-P(3A)-W(1A) 119.59(17) C(36B)-W(1B)-P(5B) 88.3(3)
P(3B)-C(18B) 1.862(7) N(1A)-C(4A)-P(5A) 112.8(4) C(39B)-W(1B)-P(5B) 97.5(2)
C(4B)-P(5B) 1.875(7) C(4A)-P(5A)-C(24A) 100.8(3) P(3B)-W(1B)-P(5B) 83.75(7)
P(5B)-C(24B) 1.829(8) C(4A)-P(5A)-C(30A) 99.0(3) C(6B)-N(1B)-C(2B) 117.6(7)
P(5B)-C(30B) 1.865(8) C(24A)-P(5A)-C(30A) 104.1(3) C(6”)-N(1B)-C(2B) 124.9(10)
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Bond angles (◦) for Complex 24 Cont. Bond lengths (A˚) and angles (◦) for Complex 30
C(6B)-N(1B)-C(4B) 124.5(8) Ru(1)-C(21) 2.085(2) C(11)-C(10)-P(3) 126.03(10)
C(6”)-N(1B)-C(4B) 119.2(10) Ru(1)-C(22)#1 2.2517(13) C(15)-C(10)-P(3) 115.73(9)
C(2B)-N(1B)-C(4B) 115.0(6) Ru(1)-C(22) 2.2518(13) C(10)-C(11)-C(12) 120.75(12)
N(1B)-C(2B)-P(3B) 115.6(5) Ru(1)-C(22)#2 2.2517(13) C(13)-C(12)-C(11) 120.20(13)
C(12B)-P(3B)-C(18B) 105.4(3) Ru(1)-P(3)#2 2.2828(3) C(12)-C(13)-C(14) 119.88(12)
C(12B)-P(3B)-C(2B) 102.1(3) Ru(1)-P(3)#1 2.2828(3) C(13)-C(14)-C(15) 119.91(12)
C(18B)-P(3B)-C(2B) 97.1(3) Ru(1)-P(3) 2.2828(3) C(14)-C(15)-C(10) 121.02(12)
C(12B)-P(3B)-W(1B) 120.8(2) N(1)-C(2)#1 1.4685(13) C(22)#1-C(21)-C(22) 115.12(7)
C(18B)-P(3B)-W(1B) 117.1(2) N(1)-C(2)#2 1.4685(13) C(22)#1-C(21)-C(22)#2 115.12(7)
C(2B)-P(3B)-W(1B) 110.8(2) N(1)-C(2) 1.4685(13) C(22)-C(21)-C(22)#2 115.12(7)
N(1B)-C(4B)-P(5B) 113.4(5) C(2)-P(3) 1.8788(12) C(22)#1-C(21)-Ru(1) 77.03(10)
C(24B)-P(5B)-C(30B) 104.8(4) P(3)-C(10) 1.8444(12) C(22)-C(21)-Ru(1) 77.03(10)
C(24B)-P(5B)-C(4B) 100.1(4) P(3)-C(4) 1.8486(12) C(22)#2-C(21)-Ru(1) 77.03(10)
C(30B)-P(5B)-C(4B) 98.2(4) C(4)-C(5) 1.3897(17) C(21)-C(22)-Ru(1) 64.46(10)
C(24B)-P(5B)-W(1B) 117.4(3) C(4)-C(9) 1.4027(18)
C(30B)-P(5B)-W(1B) 122.6(3) C(5)-C(6) 1.3979(18)
C(4B)-P(5B)-W(1B) 109.7(3) C(6)-C(7) 1.381(2)
N(1B)-C(6B)-N(7B) 110.0(9) C(7)-C(8) 1.385(2)
N(1B)-C(6B)-C(11B) 129.6(9) C(8)-C(9) 1.387(2)
N(7B)-C(6B)-C(11B) 120.0 C(10)-C(11) 1.3946(17)
C(6B)-N(7B)-C(8B) 120.0 C(10)-C(15) 1.3990(17)
N(7B)-C(8B)-C(9B) 120.0 C(11)-C(12) 1.3965(19)
C(10B)-C(9B)-C(8B) 120.0 C(12)-C(13) 1.382(2)
C(11B)-C(10B)-C(9B) 120.0 C(13)-C(14) 1.3886(19)
C(10B)-C(11B)-C(6B) 120.0 C(14)-C(15) 1.3911(18)
N(1B)-C(6”)-N(7”) 111.5(14) C(21)-C(22)#1 1.4387(15)
N(1B)-C(6”)-C(11”) 128.1(14) C(21)-C(22) 1.4387(15)
N(7”)-C(6”)-C(11”) 120.0 C(21)-C(22)#2 1.4387(15)
C(6”)-N(7”)-C(8”) 120.0
N(7”)-C(8”)-C(9”) 120.0 C(21)-Ru(1)-C(22)#1 38.51(4)
C(10”)-C(9”)-C(8”) 120.0 C(21)-Ru(1)-C(22) 38.51(4)
C(11”)-C(10”)-C(9”) 120.0 C(22)#1-Ru(1)-C(22) 65.26(6)
C(10”)-C(11”)-C(6”) 120.0 C(21)-Ru(1)-C(22)#2 38.51(4)
C(13B)-C(12B)-C(17B) 108.5(6) C(22)#1-Ru(1)-C(22)#2 65.26(6)
C(13B)-C(12B)-P(3B) 116.0(5) C(22)-Ru(1)-C(22)#2 65.26(6)
C(17B)-C(12B)-P(3B) 119.1(5) C(21)-Ru(1)-P(3)#2 125.820(8)
C(14B)-C(13B)-C(12B) 112.7(7) C(22)#1-Ru(1)-P(3)#2 99.93(4)
C(15B)-C(14B)-C(13B) 112.9(7) C(22)-Ru(1)-P(3)#2 164.01(4)
C(14B)-C(15B)-C(16B) 110.9(7) C(22)#2-Ru(1)-P(3)#2 103.89(4)
C(17B)-C(16B)-C(15B) 111.5(7) C(21)-Ru(1)-P(3)#1 125.820(8)
C(16B)-C(17B)-C(12B) 113.1(6) C(22)#1-Ru(1)-P(3)#1 103.89(4)
C(23B)-C(18B)-C(19B) 110.5(6) C(22)-Ru(1)-P(3)#1 99.93(4)
C(23B)-C(18B)-P(3B) 112.2(5) C(22)#2-Ru(1)-P(3)#1 164.01(4)
C(19B)-C(18B)-P(3B) 114.0(5) P(3)#2-Ru(1)-P(3)#1 89.211(12)
C(20B)-C(19B)-C(18B) 111.1(6) C(21)-Ru(1)-P(3) 125.820(8)
C(19B)-C(20B)-C(21B) 111.9(7) C(22)#1-Ru(1)-P(3) 164.01(4)
C(22B)-C(21B)-C(20B) 111.4(7) C(22)-Ru(1)-P(3) 103.89(4)
C(21B)-C(22B)-C(23B) 112.3(6) C(22)#2-Ru(1)-P(3) 99.93(4)
C(22B)-C(23B)-C(18B) 111.5(6) P(3)#2-Ru(1)-P(3) 89.211(12)
C(25B)-C(24B)-C(29B) 110.2(6) P(3)#1-Ru(1)-P(3) 89.211(12)
C(25B)-C(24B)-P(5B) 113.6(6) C(2)#1-N(1)-C(2)#2 114.70(6)
C(29B)-C(24B)-P(5B) 110.1(6) C(2)#1-N(1)-C(2) 114.70(6)
C(24B)-C(25B)-C(26B) 110.0(7) C(2)#2-N(1)-C(2) 114.70(6)
C(27B)-C(26B)-C(25B) 111.1(8) N(1)-C(2)-P(3) 113.83(10)
C(28B)-C(27B)-C(26B) 111.3(7) C(10)-P(3)-C(4) 95.71(5)
C(27B)-C(28B)-C(29B) 111.1(8) C(10)-P(3)-C(2) 104.00(6)
C(28B)-C(29B)-C(24B) 111.9(7) C(4)-P(3)-C(2) 101.16(6)
C(31B)-C(30B)-C(35B) 108.1(7) C(10)-P(3)-Ru(1) 122.21(4)
C(31B)-C(30B)-P(5B) 114.9(6) C(4)-P(3)-Ru(1) 120.33(4)
C(35B)-C(30B)-P(5B) 116.0(6) C(2)-P(3)-Ru(1) 110.32(4)
C(32B)-C(31B)-C(30B) 111.1(8) C(5)-C(4)-C(9) 118.32(12)
C(31B)-C(32B)-C(33B) 111.0(8) C(5)-C(4)-P(3) 120.77(9)
C(32B)-C(33B)-C(34B) 110.1(8) C(9)-C(4)-P(3) 120.86(10)
C(33B)-C(34B)-C(35B) 110.9(8) C(4)-C(5)-C(6) 120.66(12)
C(34B)-C(35B)-C(30B) 111.0(7) C(7)-C(6)-C(5) 120.40(13)
O(36B)-C(36B)-W(1B) 175.4(7) C(6)-C(7)-C(8) 119.45(13)
O(37B)-C(37B)-W(1B) 177.7(7) C(7)-C(8)-C(9) 120.50(14)
O(38B)-C(38B)-W(1B) 179.3(8) C(8)-C(9)-C(4) 120.66(14)
O(39B)-C(39B)-W(1B) 172.0(7) C(11)-C(10)-C(15) 118.23(11)
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Bond lengths (A˚) and angles (◦) for Complex 32
Ru-P(3) 2.2696(5) C(67)-C(68) 1.389(3) C(43)-C(38)-C(39) 118.7(2)
Ru-P(50) 2.3197(5) C(43)-C(38)-P(7) 121.23(18)
Ru-P(5) 2.3311(6) P(3)-Ru-P(50) 149.45(2) C(39)-C(38)-P(7) 119.98(18)
Ru-P(7) 2.3358(6) P(3)-Ru-P(5) 95.54(2) C(40)-C(39)-C(38) 120.6(2)
N(1)-C(4) 1.450(3) P(50)-Ru-P(5) 107.80(2) C(41)-C(40)-C(39) 120.2(3)
N(1)-C(2) 1.453(3) P(3)-Ru-P(7) 88.06(2) C(40)-C(41)-C(42) 119.9(2)
N(1)-C(6) 1.459(3) P(50)-Ru-P(7) 112.31(2) C(41)-C(42)-C(43) 119.7(2)
C(2)-P(3) 1.872(2) P(5)-Ru-P(7) 86.37(2) C(38)-C(43)-C(42) 120.7(2)
P(3)-C(14) 1.842(2) C(4)-N(1)-C(2) 114.81(19) C(63)-P(50)-C(57) 101.31(10)
P(3)-C(8) 1.853(2) C(4)-N(1)-C(6) 116.91(17) C(63)-P(50)-C(51) 100.30(10)
C(4)-P(5) 1.902(2) C(2)-N(1)-C(6) 114.46(18) C(57)-P(50)-C(51) 96.44(10)
P(5)-C(26) 1.841(2) N(1)-C(2)-P(3) 113.90(14) C(63)-P(50)-Ru 121.08(8)
P(5)-C(20) 1.847(2) C(14)-P(3)-C(8) 96.68(10) C(57)-P(50)-Ru 120.26(8)
C(6)-P(7) 1.894(2) C(14)-P(3)-C(2) 99.22(10) C(51)-P(50)-Ru 113.11(7)
P(7)-C(32) 1.847(2) C(8)-P(3)-C(2) 105.23(11) C(52)-C(51)-C(56) 117.5(2)
P(7)-C(38) 1.850(2) C(14)-P(3)-Ru 122.96(7) C(52)-C(51)-P(50) 120.13(17)
C(8)-C(13) 1.382(4) C(8)-P(3)-Ru 117.37(7) C(56)-C(51)-P(50) 122.20(18)
C(8)-C(9) 1.386(4) C(2)-P(3)-Ru 112.42(7) C(53)-C(52)-C(51) 120.9(2)
C(9)-C(10) 1.389(4) N(1)-C(4)-P(5) 117.46(15) C(54)-C(53)-C(52) 120.6(2)
C(10)-C(11) 1.382(5) C(26)-P(5)-C(20) 100.23(10) C(55)-C(54)-C(53) 119.2(2)
C(11)-C(12) 1.366(5) C(26)-P(5)-C(4) 100.82(10) C(54)-C(55)-C(56) 120.4(2)
C(12)-C(13) 1.388(4) C(20)-P(5)-C(4) 101.02(10) C(55)-C(56)-C(51) 121.4(2)
C(14)-C(19) 1.377(3) C(26)-P(5)-Ru 121.80(7) C(58)-C(57)-C(62) 117.8(2)
C(14)-C(15) 1.405(3) C(20)-P(5)-Ru 120.38(7) C(58)-C(57)-P(50) 119.57(19)
C(15)-C(16) 1.384(3) C(4)-P(5)-Ru 109.18(7) C(62)-C(57)-P(50) 122.28(19)
C(16)-C(17) 1.356(4) N(1)-C(6)-P(7) 117.47(15) C(57)-C(58)-C(59) 121.1(3)
C(17)-C(18) 1.390(4) C(32)-P(7)-C(38) 98.53(10) C(60)-C(59)-C(58) 120.6(3)
C(18)-C(19) 1.388(4) C(32)-P(7)-C(6) 100.40(10) C(61)-C(60)-C(59) 118.7(3)
C(20)-C(25) 1.392(3) C(38)-P(7)-C(6) 98.92(10) C(60)-C(61)-C(62) 120.9(3)
C(20)-C(21) 1.397(3) C(32)-P(7)-Ru 124.41(7) C(61)-C(62)-C(57) 120.9(3)
C(21)-C(22) 1.377(3) C(38)-P(7)-Ru 121.74(8) C(64)-C(63)-C(68) 118.2(2)
C(22)-C(23) 1.382(4) C(6)-P(7)-Ru 108.31(7) C(64)-C(63)-P(50) 123.77(18)
C(23)-C(24) 1.377(4) C(13)-C(8)-C(9) 117.9(2) C(68)-C(63)-P(50) 117.93(16)
C(24)-C(25) 1.396(3) C(13)-C(8)-P(3) 116.70(19) C(63)-C(64)-C(65) 120.3(2)
C(26)-C(27) 1.385(3) C(9)-C(8)-P(3) 125.3(2) C(66)-C(65)-C(64) 120.4(2)
C(26)-C(31) 1.401(3) C(8)-C(9)-C(10) 120.8(3) C(65)-C(66)-C(67) 120.0(2)
C(27)-C(28) 1.393(3) C(11)-C(10)-C(9) 120.4(3) C(66)-C(67)-C(68) 120.0(2)
C(28)-C(29) 1.379(4) C(12)-C(11)-C(10) 119.2(3) C(67)-C(68)-C(63) 121.1(2)
C(29)-C(30) 1.382(4) C(11)-C(12)-C(13) 120.4(3)
C(30)-C(31) 1.386(3) C(8)-C(13)-C(12) 121.3(3)
C(32)-C(37) 1.392(3) C(19)-C(14)-C(15) 118.3(2)
C(32)-C(33) 1.393(3) C(19)-C(14)-P(3) 123.05(17)
C(33)-C(34) 1.391(3) C(15)-C(14)-P(3) 118.59(18)
C(34)-C(35) 1.379(3) C(16)-C(15)-C(14) 120.7(2)
C(35)-C(36) 1.378(3) C(17)-C(16)-C(15) 120.2(2)
C(36)-C(37) 1.388(3) C(16)-C(17)-C(18) 120.2(2)
C(38)-C(43) 1.380(3) C(19)-C(18)-C(17) 120.0(3)
C(38)-C(39) 1.392(3) C(14)-C(19)-C(18) 120.6(2)
C(39)-C(40) 1.383(4) C(25)-C(20)-C(21) 118.2(2)
C(40)-C(41) 1.376(4) C(25)-C(20)-P(5) 123.89(17)
C(41)-C(42) 1.381(4) C(21)-C(20)-P(5) 117.68(17)
C(42)-C(43) 1.394(3) C(22)-C(21)-C(20) 121.0(2)
P(50)-C(63) 1.848(2) C(21)-C(22)-C(23) 120.6(2)
P(50)-C(57) 1.851(2) C(24)-C(23)-C(22) 119.3(2)
P(50)-C(51) 1.858(2) C(23)-C(24)-C(25) 120.6(2)
C(51)-C(52) 1.390(3) C(20)-C(25)-C(24) 120.3(2)
C(51)-C(56) 1.393(3) C(27)-C(26)-C(31) 118.2(2)
C(52)-C(53) 1.390(3) C(27)-C(26)-P(5) 118.98(17)
C(53)-C(54) 1.378(4) C(31)-C(26)-P(5) 122.83(17)
C(54)-C(55) 1.375(4) C(26)-C(27)-C(28) 121.2(2)
C(55)-C(56) 1.384(4) C(29)-C(28)-C(27) 119.6(2)
C(57)-C(58) 1.362(4) C(28)-C(29)-C(30) 120.4(2)
C(57)-C(62) 1.393(3) C(29)-C(30)-C(31) 119.8(2)
C(58)-C(59) 1.396(4) C(30)-C(31)-C(26) 120.9(2)
C(59)-C(60) 1.380(5) C(37)-C(32)-C(33) 118.10(19)
C(60)-C(61) 1.359(4) C(37)-C(32)-P(7) 123.34(16)
C(61)-C(62) 1.387(4) C(33)-C(32)-P(7) 118.54(17)
C(63)-C(64) 1.390(3) C(34)-C(33)-C(32) 120.3(2)
C(63)-C(68) 1.393(3) C(35)-C(34)-C(33) 120.7(2)
C(64)-C(65) 1.400(4) C(36)-C(35)-C(34) 119.7(2)
C(65)-C(66) 1.371(4) C(35)-C(36)-C(37) 119.8(2)
C(66)-C(67) 1.375(4) C(36)-C(37)-C(32) 121.3(2)
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Bond lengths (A˚) and angles (◦) for Complex 35
Ru(1A)-C(38A) 1.902(6) P(3B)-C(8B) 1.855(6) C(23C)-C(27C) 1.526(8) Ru(1E)-P(5E) 2.3846(15)
Ru(1A)-C(40A) 1.904(6) C(4B)-P(5B) 1.843(5) C(23C)-C(24C) 1.537(7) N(1E)-C(2E) 1.470(7)
Ru(1A)-C(39A) 1.918(6) P(5B)-C(18B) 1.850(6) C(24C)-C(25C) 1.525(8) N(1E)-C(4E) 1.473(7)
Ru(1A)-P(5A) 2.3710(15) P(5B)-C(23B) 1.854(6) C(25C)-C(26C) 1.522(9) N(1E)-C(6E) 1.485(7)
Ru(1A)-P(3A) 2.3861(14) C(6B)-P(7B) 1.863(6) C(26C)-C(27C) 1.533(8) C(2E)-P(3E) 1.840(6)
N(1A)-C(4A) 1.471(7) P(7B)-C(28B) 1.848(6) C(28C)-C(29C) 1.530(10) P(3E)-C(8M) 1.843(16)
N(1A)-C(2A) 1.476(7) P(7B)-C(33B) 1.850(7) C(28C)-C(32C) 1.539(10) P(3E)-C(13E) 1.848(7)
N(1A)-C(6A) 1.478(7) C(8B)-C(9B) 1.535(8) C(29C)-C(30C) 1.511(12) P(3E)-C(8E) 1.853(8)
C(2A)-P(3A) 1.848(5) C(8B)-C(12B) 1.562(8) C(30C)-C(31C) 1.515(13) C(4E)-P(5E) 1.846(5)
P(3A)-C(8I) 1.835(17) C(9B)-C(10B) 1.518(9) C(31C)-C(32C) 1.517(12) P(5E)-C(18E) 1.841(6)
P(3A)-C(8A) 1.846(8) C(10B)-C(11B) 1.518(11) C(33C)-C(34C) 1.521(10) P(5E)-C(23E) 1.851(6)
P(3A)-C(13A) 1.856(6) C(11B)-C(12B) 1.521(9) C(33C)-C(37C) 1.542(9) C(6E)-P(7E) 1.849(6)
C(4A)-P(5A) 1.832(5) C(13B)-C(14B) 1.535(8) C(34C)-C(35C) 1.533(10) P(7E)-C(28E) 1.845(6)
P(5A)-C(23A) 1.842(7) C(13B)-C(17B) 1.547(8) C(35C)-C(36C) 1.523(13) P(7E)-C(33E) 1.865(6)
P(5A)-C(18A) 1.852(5) C(14B)-C(15B) 1.518(10) C(36C)-C(37C) 1.532(12) C(8E)-C(9E) 1.505(12)
C(6A)-P(7A) 1.870(6) C(15B)-C(16B) 1.462(11) C(38C)-O(38C) 1.145(7) C(8E)-C(12E) 1.545(11)
P(7A)-C(33A) 1.852(7) C(16B)-C(17B) 1.509(9) C(39C)-O(39C) 1.144(7) C(9E)-C(10E) 1.537(13)
P(7A)-C(28I) 1.858(16) C(18B)-C(19B) 1.507(9) C(40C)-O(40C) 1.162(7) C(10E)-C(11E) 1.507(13)
P(7A)-C(28A) 1.864(10) C(18B)-C(22B) 1.548(9) Ru(1D)-C(40D) 1.874(7) C(11E)-C(12E) 1.531(11)
C(8A)-C(12A) 1.523(12) C(19B)-C(20B) 1.550(9) Ru(1D)-C(38D) 1.898(7) C(8M)-C(9M) 1.519(16)
C(8A)-C(9A) 1.536(11) C(20B)-C(21B) 1.480(11) Ru(1D)-C(39D) 1.907(7) C(8M)-C(12M) 1.540(16)
C(9A)-C(10A) 1.516(12) C(21B)-C(22B) 1.522(10) Ru(1D)-P(3D) 2.3800(14) C(9M)-C(10M) 1.511(16)
C(10A)-C(11A) 1.487(13) C(23B)-C(24B) 1.529(8) Ru(1D)-P(5D) 2.3837(14) C(10M)-C(11M) 1.510(16)
C(11A)-C(12A) 1.523(12) C(23B)-C(27B) 1.533(8) N(1D)-C(2D) 1.469(7) C(11M)-C(12M) 1.526(17)
C(8I)-C(12I) 1.496(16) C(24B)-C(25B) 1.526(9) N(1D)-C(6D) 1.471(6) C(13E)-C(17E) 1.538(10)
C(8I)-C(9I) 1.527(17) C(25B)-C(26B) 1.495(10) N(1D)-C(4D) 1.478(7) C(13E)-C(14E) 1.555(9)
C(9I)-C(10I) 1.521(16) C(26B)-C(27B) 1.523(9) C(2D)-P(3D) 1.841(5) C(14E)-C(15E) 1.441(13)
C(10I)-C(11I) 1.498(15) C(28B)-C(32B) 1.537(9) P(3D)-C(8D) 1.839(6) C(15E)-C(16E) 1.435(14)
C(11I)-C(12I) 1.503(15) C(28B)-C(29B) 1.552(10) P(3D)-C(13D) 1.856(6) C(16E)-C(17E) 1.548(11)
C(13A)-C(17A) 1.540(8) C(29B)-C(30B) 1.488(10) C(4D)-P(5D) 1.830(5) C(18E)-C(19E) 1.540(8)
C(13A)-C(14A) 1.561(8) C(30B)-C(31B) 1.489(13) P(5D)-C(23D) 1.846(6) C(18E)-C(22E) 1.543(8)
C(14A)-C(15A) 1.536(9) C(31B)-C(32B) 1.564(12) P(5D)-C(18D) 1.847(6) C(19E)-C(20E) 1.508(9)
C(15A)-C(16A) 1.510(9) C(33B)-C(37B) 1.537(9) C(6D)-P(7D) 1.870(6) C(20E)-C(21E) 1.444(10)
C(16A)-C(17A) 1.520(8) C(33B)-C(34B) 1.539(9) P(7D)-C(33D) 1.839(6) C(21E)-C(22E) 1.491(9)
C(18A)-C(22A) 1.537(8) C(34B)-C(35B) 1.519(10) P(7D)-C(28D) 1.846(7) C(23E)-C(24E) 1.521(8)
C(18A)-C(19A) 1.558(8) C(35B)-C(36B) 1.482(11) C(8D)-C(12D) 1.488(9) C(23E)-C(27E) 1.532(8)
C(19A)-C(20A) 1.530(9) C(36B)-C(37B) 1.508(11) C(8D)-C(9D) 1.556(9) C(24E)-C(25E) 1.515(9)
C(20A)-C(21A) 1.491(10) C(38B)-O(38B) 1.159(8) C(9D)-C(10D) 1.532(10) C(25E)-C(26E) 1.518(10)
C(21A)-C(22A) 1.506(9) C(39B)-O(39B) 1.158(7) C(10D)-C(11D) 1.446(11) C(26E)-C(27E) 1.514(9)
C(23A)-C(27A) 1.437(10) C(40B)-O(40B) 1.162(7) C(11D)-C(12D) 1.560(10) C(28E)-C(29E) 1.540(8)
C(23A)-C(24A) 1.539(8) Ru(1C)-C(40C) 1.894(6) C(13D)-C(17D) 1.543(9) C(28E)-C(32E) 1.550(9)
C(24A)-C(25A) 1.540(9) Ru(1C)-C(38C) 1.895(6) C(13D)-C(14D) 1.550(8) C(29E)-C(30E) 1.522(9)
C(25A)-C(26A) 1.487(10) Ru(1C)-C(39C) 1.915(6) C(14D)-C(15D) 1.506(11) C(30E)-C(31E) 1.493(10)
C(26A)-C(27A) 1.565(10) Ru(1C)-P(5C) 2.3732(13) C(15D)-C(16D) 1.480(11) C(31E)-C(32E) 1.511(10)
C(28A)-C(29A) 1.519(14) Ru(1C)-P(3C) 2.3785(14) C(16D)-C(17D) 1.525(9) C(33E)-C(34E) 1.544(8)
C(28A)-C(32A) 1.545(11) N(1C)-C(4C) 1.460(7) C(18D)-C(19D) 1.530(8) C(33E)-C(37E) 1.548(9)
C(29A)-C(30A) 1.486(13) N(1C)-C(2C) 1.483(6) C(18D)-C(22D) 1.565(8) C(34E)-C(35E) 1.523(10)
C(30A)-C(31A) 1.493(14) N(1C)-C(6C) 1.489(6) C(19D)-C(20D) 1.526(8) C(35E)-C(36E) 1.504(11)
C(31A)-C(32A) 1.542(13) C(2C)-P(3C) 1.838(5) C(20D)-C(21D) 1.521(9) C(36E)-C(37E) 1.518(9)
C(28I)-C(32I) 1.519(15) P(3C)-C(8C) 1.838(6) C(21D)-C(22D) 1.528(10) C(38E)-O(38E) 1.150(7)
C(28I)-C(29I) 1.536(16) P(3C)-C(13C) 1.844(5) C(23D)-C(27D) 1.534(8) C(39E)-O(39E) 1.138(9)
C(29I)-C(30I) 1.523(16) C(4C)-P(5C) 1.838(5) C(23D)-C(24D) 1.553(8) C(40E)-O(40E) 1.145(9)
C(30I)-C(31I) 1.517(16) P(5C)-C(18C) 1.835(6) C(24D)-C(25D) 1.524(10) Ru(1F)-C(38F) 1.881(6)
C(31I)-C(32I) 1.516(15) P(5C)-C(23C) 1.850(5) C(25D)-C(26D) 1.507(10) Ru(1F)-C(40F) 1.895(7)
C(33A)-C(34A) 1.525(9) C(6C)-P(7C) 1.855(6) C(26D)-C(27D) 1.502(9) Ru(1F)-C(39F) 1.907(7)
C(33A)-C(37A) 1.550(9) P(7C)-C(33C) 1.834(6) C(28D)-C(29D) 1.518(10) Ru(1F)-P(3F) 2.3672(14)
C(34A)-C(35A) 1.499(10) P(7C)-C(28C) 1.852(7) C(28D)-C(32D) 1.542(10) Ru(1F)-P(5F) 2.3866(14)
C(35A)-C(36A) 1.462(12) C(8C)-C(12C) 1.543(8) C(29D)-C(30D) 1.511(10) N(1F)-C(2F) 1.468(6)
C(36A)-C(37A) 1.480(12) C(8C)-C(9C) 1.559(7) C(30D)-C(31D) 1.504(13) N(1F)-C(4F) 1.480(6)
C(38A)-O(38A) 1.153(7) C(9C)-C(10C) 1.513(9) C(31D)-C(32D) 1.530(11) N(1F)-C(6F) 1.485(6)
C(39A)-O(39A) 1.145(7) C(10C)-C(11C) 1.515(9) C(33D)-C(37D) 1.525(9) C(2F)-P(3F) 1.852(5)
C(40A)-O(40A) 1.151(7) C(11C)-C(12C) 1.534(9) C(33D)-C(34D) 1.540(8) P(3F)-C(8F) 1.845(6)
Ru(1B)-C(38B) 1.881(7) C(13C)-C(17C) 1.546(8) C(34D)-C(35D) 1.522(10) P(3F)-C(13F) 1.847(6)
Ru(1B)-C(39B) 1.899(6) C(13C)-C(14C) 1.550(7) C(35D)-C(36D) 1.525(11) C(4F)-P(5F) 1.838(5)
Ru(1B)-C(40B) 1.908(7) C(14C)-C(15C) 1.529(9) C(36D)-C(37D) 1.522(9) P(5F)-C(23F) 1.840(5)
Ru(1B)-P(3B) 2.3669(14) C(15C)-C(16C) 1.496(11) C(38D)-O(38D) 1.149(8) P(5F)-C(18F) 1.846(5)
Ru(1B)-P(5B) 2.3778(15) C(16C)-C(17C) 1.531(8) C(39D)-O(39D) 1.147(7) C(6F)-P(7F) 1.851(6)
N(1B)-C(4B) 1.469(7) C(18C)-C(22C) 1.544(7) C(40D)-O(40D) 1.167(8) P(7F)-C(33F) 1.842(6)
N(1B)-C(2B) 1.475(7) C(18C)-C(19C) 1.548(8) Ru(1E)-C(38E) 1.895(6) P(7F)-C(28F) 1.853(6)
N(1B)-C(6B) 1.477(7) C(19C)-C(20C) 1.517(8) Ru(1E)-C(39E) 1.900(8) C(8F)-C(12F) 1.538(9)
C(2B)-P(3B) 1.842(5) C(20C)-C(21C) 1.508(9) Ru(1E)-C(40E) 1.904(8) C(8F)-C(9F) 1.541(8)
P(3B)-C(13B) 1.846(6) C(21C)-C(22C) 1.508(9) Ru(1E)-P(3E) 2.3685(16) C(9F)-C(10F) 1.507(11)
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Bond lengths (A˚) and angles (◦) for Complex 35 Continued
C(10F)-C(11F) 1.457(13) C(19G)-C(20G) 1.535(8) C(30H)-C(31H) 1.509(10)
C(11F)-C(12F) 1.510(10) C(20G)-C(21G) 1.483(10) C(31H)-C(32H) 1.535(9)
C(13F)-C(17F) 1.550(8) C(21G)-C(22G) 1.537(9) C(33H)-C(37H) 1.542(9)
C(13F)-C(14F) 1.555(8) C(23G)-C(27G) 1.523(8) C(33H)-C(34H) 1.546(9)
C(14F)-C(15F) 1.480(10) C(23G)-C(24G) 1.536(8) C(34H)-C(35H) 1.494(10)
C(15F)-C(16F) 1.447(11) C(24G)-C(25G) 1.531(9) C(35H)-C(36H) 1.486(12)
C(16F)-C(17F) 1.521(9) C(25G)-C(26G) 1.498(10) C(36H)-C(37H) 1.529(11)
C(18F)-C(22F) 1.542(7) C(26G)-C(27G) 1.523(9) C(38H)-O(38H) 1.144(7)
C(18F)-C(19F) 1.545(8) C(28G)-C(29G) 1.526(14) C(39H)-O(39H) 1.154(7)
C(19F)-C(20F) 1.522(8) C(28G)-C(32G) 1.542(12) C(40H)-O(40H) 1.155(7)
C(20F)-C(21F) 1.447(10) C(29G)-C(30G) 1.515(13)
C(21F)-C(22F) 1.526(8) C(30G)-C(31G) 1.522(14) C(38A)-Ru(1A)-C(40A) 88.1(3)
C(23F)-C(27F) 1.544(7) C(31G)-C(32G) 1.475(14) C(38A)-Ru(1A)-C(39A) 89.3(2)
C(23F)-C(24F) 1.549(7) C(28O)-C(29O) 1.540(16) C(40A)-Ru(1A)-C(39A) 120.2(3)
C(24F)-C(25F) 1.533(8) C(28O)-C(32O) 1.549(16) C(38A)-Ru(1A)-P(5A) 175.42(19)
C(25F)-C(26F) 1.497(10) C(29O)-C(30O) 1.515(16) C(40A)-Ru(1A)-P(5A) 87.4(2)
C(26F)-C(27F) 1.508(8) C(30O)-C(31O) 1.491(15) C(39A)-Ru(1A)-P(5A) 93.97(16)
C(28F)-C(32F) 1.525(9) C(31O)-C(32O) 1.502(16) C(38A)-Ru(1A)-P(3A) 93.76(17)
C(28F)-C(29F) 1.543(9) C(33G)-C(37G) 1.532(10) C(40A)-Ru(1A)-P(3A) 127.8(2)
C(29F)-C(30F) 1.493(10) C(33G)-C(34G) 1.560(9) C(39A)-Ru(1A)-P(3A) 111.96(16)
C(30F)-C(31F) 1.510(11) C(34G)-C(35G) 1.516(10) P(5A)-Ru(1A)-P(3A) 88.02(5)
C(31F)-C(32F) 1.515(10) C(35G)-C(36G) 1.489(13) C(4A)-N(1A)-C(2A) 110.2(4)
C(33F)-C(37F) 1.538(8) C(36G)-C(37G) 1.552(11) C(4A)-N(1A)-C(6A) 109.9(4)
C(33F)-C(34F) 1.542(8) C(38G)-O(38G) 1.143(7) C(2A)-N(1A)-C(6A) 106.9(4)
C(34F)-C(35F) 1.510(9) C(39G)-O(39G) 1.157(7) N(1A)-C(2A)-P(3A) 114.4(4)
C(35F)-C(36F) 1.505(10) C(40G)-O(40G) 1.140(8) C(8I)-P(3A)-C(2A) 103.6(11)
C(36F)-C(37F) 1.553(9) Ru(1H)-C(40H) 1.902(6) C(8A)-P(3A)-C(2A) 97.0(5)
C(38F)-O(38F) 1.157(7) Ru(1H)-C(38H) 1.908(6) C(8I)-P(3A)-C(13A) 103.7(15)
C(39F)-O(39F) 1.153(8) Ru(1H)-C(39H) 1.912(6) C(8A)-P(3A)-C(13A) 103.9(6)
C(40F)-O(40F) 1.150(9) Ru(1H)-P(3H) 2.3591(14) C(2A)-P(3A)-C(13A) 97.7(2)
Ru(1G)-C(39G) 1.895(6) Ru(1H)-P(5H) 2.3845(14) C(8I)-P(3A)-Ru(1A) 116.5(13)
Ru(1G)-C(38G) 1.904(6) N(1H)-C(2H) 1.470(6) C(8A)-P(3A)-Ru(1A) 121.3(6)
Ru(1G)-C(40G) 1.915(7) N(1H)-C(6H) 1.475(7) C(2A)-P(3A)-Ru(1A) 115.30(18)
Ru(1G)-P(5G) 2.3806(14) N(1H)-C(4H) 1.483(7) C(13A)-P(3A)-Ru(1A) 117.41(18)
Ru(1G)-P(3G) 2.3937(14) C(2H)-P(3H) 1.844(5) N(1A)-C(4A)-P(5A) 116.8(4)
N(1G)-C(4G) 1.465(6) P(3H)-C(8H) 1.848(6) C(4A)-P(5A)-C(23A) 106.9(3)
N(1G)-C(2G) 1.468(7) P(3H)-C(13H) 1.861(5) C(4A)-P(5A)-C(18A) 97.9(2)
N(1G)-C(6G) 1.480(7) C(4H)-P(5H) 1.845(5) C(23A)-P(5A)-C(18A) 101.5(3)
C(2G)-P(3G) 1.843(5) P(5H)-C(23H) 1.833(10) C(4A)-P(5A)-Ru(1A) 116.46(19)
P(3G)-C(8G) 1.852(10) P(5H)-C(23P) 1.847(18) C(23A)-P(5A)-Ru(1A) 113.8(2)
P(3G)-C(8O) 1.856(15) P(5H)-C(18H) 1.856(6) C(18A)-P(5A)-Ru(1A) 118.1(2)
P(3G)-C(13O) 1.856(16) C(6H)-P(7H) 1.863(6) N(1A)-C(6A)-P(7A) 115.0(4)
P(3G)-C(13G) 1.865(10) P(7H)-C(33H) 1.844(6) C(33A)-P(7A)-C(28I) 98.7(10)
C(4G)-P(5G) 1.846(5) P(7H)-C(28H) 1.854(6) C(33A)-P(7A)-C(28A) 106.0(7)
P(5G)-C(18G) 1.849(5) C(8H)-C(9H) 1.543(8) C(33A)-P(7A)-C(6A) 103.2(3)
P(5G)-C(23G) 1.856(6) C(8H)-C(12H) 1.556(8) C(28I)-P(7A)-C(6A) 97.2(9)
C(6G)-P(7G) 1.858(6) C(9H)-C(10H) 1.512(10) C(28A)-P(7A)-C(6A) 96.2(5)
P(7G)-C(28O) 1.836(16) C(10H)-C(11H) 1.413(11) C(12A)-C(8A)-C(9A) 102.6(7)
P(7G)-C(33G) 1.847(7) C(11H)-C(12H) 1.505(9) C(12A)-C(8A)-P(3A) 116.0(9)
P(7G)-C(28G) 1.856(11) C(13H)-C(14H) 1.522(8) C(9A)-C(8A)-P(3A) 121.4(11)
C(8G)-C(12G) 1.533(13) C(13H)-C(17H) 1.531(9) C(10A)-C(9A)-C(8A) 104.5(8)
C(8G)-C(9G) 1.546(13) C(14H)-C(15H) 1.512(9) C(11A)-C(10A)-C(9A) 107.7(7)
C(9G)-C(10G) 1.531(12) C(15H)-C(16H) 1.497(11) C(10A)-C(11A)-C(12A) 106.6(7)
C(10G)-C(11G) 1.482(12) C(16H)-C(17H) 1.526(9) C(11A)-C(12A)-C(8A) 104.2(7)
C(11G)-C(12G) 1.514(13) C(18H)-C(19H) 1.544(9) C(12I)-C(8I)-C(9I) 104.9(12)
C(8O)-C(9O) 1.536(15) C(18H)-C(22H) 1.544(9) C(12I)-C(8I)-P(3A) 119(2)
C(8O)-C(12O) 1.539(16) C(19H)-C(20H) 1.527(9) C(9I)-C(8I)-P(3A) 114(3)
C(9O)-C(10O) 1.513(15) C(20H)-C(21H) 1.464(11) C(10I)-C(9I)-C(8I) 103.8(12)
C(10O)-C(11O) 1.498(15) C(21H)-C(22H) 1.543(11) C(11I)-C(10I)-C(9I) 105.6(11)
C(11O)-C(12O) 1.524(16) C(23H)-C(24H) 1.530(12) C(10I)-C(11I)-C(12I) 107.8(9)
C(13G)-C(14G) 1.530(12) C(23H)-C(27H) 1.551(11) C(8I)-C(12I)-C(11I) 106.9(9)
C(13G)-C(17G) 1.540(12) C(24H)-C(25H) 1.532(13) C(17A)-C(13A)-C(14A) 104.4(5)
C(14G)-C(15G) 1.517(13) C(25H)-C(26H) 1.476(12) C(17A)-C(13A)-P(3A) 114.6(4)
C(15G)-C(16G) 1.536(12) C(26H)-C(27H) 1.545(13) C(14A)-C(13A)-P(3A) 115.6(4)
C(16G)-C(17G) 1.534(12) C(23P)-C(24P) 1.505(15) C(15A)-C(14A)-C(13A) 104.7(5)
C(13O)-C(17O) 1.533(16) C(23P)-C(27P) 1.523(15) C(16A)-C(15A)-C(14A) 106.7(5)
C(13O)-C(14O) 1.551(15) C(24P)-C(25P) 1.529(16) C(15A)-C(16A)-C(17A) 102.8(5)
C(14O)-C(15O) 1.543(15) C(25P)-C(26P) 1.512(16) C(16A)-C(17A)-C(13A) 102.5(5)
C(15O)-C(16O) 1.518(15) C(26P)-C(27P) 1.532(16) C(22A)-C(18A)-C(19A) 104.7(5)
C(16O)-C(17O) 1.514(15) C(28H)-C(29H) 1.523(9) C(22A)-C(18A)-P(5A) 114.6(4)
C(18G)-C(19G) 1.542(8) C(28H)-C(32H) 1.562(8) C(19A)-C(18A)-P(5A) 115.2(4)
C(18G)-C(22G) 1.554(8) C(29H)-C(30H) 1.510(9) C(20A)-C(19A)-C(18A) 105.8(5)
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Bond lengths (A˚) and angles (◦) for Complex 35 Continued
C(21A)-C(20A)-C(19A) 105.2(6) C(14B)-C(13B)-C(17B) 104.2(5) C(10C)-C(9C)-C(8C) 105.3(5)
C(20A)-C(21A)-C(22A) 104.6(5) C(14B)-C(13B)-P(3B) 115.6(4) C(9C)-C(10C)-C(11C) 108.1(5)
C(21A)-C(22A)-C(18A) 103.5(5) C(17B)-C(13B)-P(3B) 115.6(4) C(10C)-C(11C)-C(12C) 103.0(5)
C(27A)-C(23A)-C(24A) 104.7(6) C(15B)-C(14B)-C(13B) 104.8(6) C(11C)-C(12C)-C(8C) 102.8(5)
C(27A)-C(23A)-P(5A) 121.0(5) C(16B)-C(15B)-C(14B) 108.8(6) C(17C)-C(13C)-C(14C) 106.0(5)
C(24A)-C(23A)-P(5A) 117.9(5) C(15B)-C(16B)-C(17B) 108.2(6) C(17C)-C(13C)-P(3C) 113.0(4)
C(23A)-C(24A)-C(25A) 104.5(5) C(16B)-C(17B)-C(13B) 103.5(5) C(14C)-C(13C)-P(3C) 115.3(4)
C(26A)-C(25A)-C(24A) 106.4(6) C(19B)-C(18B)-C(22B) 104.1(6) C(15C)-C(14C)-C(13C) 103.2(5)
C(25A)-C(26A)-C(27A) 105.5(6) C(19B)-C(18B)-P(5B) 116.2(4) C(16C)-C(15C)-C(14C) 102.9(5)
C(23A)-C(27A)-C(26A) 103.9(6) C(22B)-C(18B)-P(5B) 113.6(4) C(15C)-C(16C)-C(17C) 104.5(5)
C(29A)-C(28A)-C(32A) 104.1(9) C(18B)-C(19B)-C(20B) 102.3(6) C(16C)-C(17C)-C(13C) 104.8(5)
C(29A)-C(28A)-P(7A) 114.0(12) C(21B)-C(20B)-C(19B) 105.1(6) C(22C)-C(18C)-C(19C) 105.8(4)
C(32A)-C(28A)-P(7A) 112.5(10) C(20B)-C(21B)-C(22B) 106.2(6) C(22C)-C(18C)-P(5C) 113.0(4)
C(30A)-C(29A)-C(28A) 107.0(8) C(21B)-C(22B)-C(18B) 106.6(6) C(19C)-C(18C)-P(5C) 115.7(4)
C(29A)-C(30A)-C(31A) 108.6(8) C(24B)-C(23B)-C(27B) 103.7(5) C(20C)-C(19C)-C(18C) 105.1(4)
C(30A)-C(31A)-C(32A) 104.7(9) C(24B)-C(23B)-P(5B) 117.9(4) C(21C)-C(20C)-C(19C) 103.9(5)
C(31A)-C(32A)-C(28A) 102.3(8) C(27B)-C(23B)-P(5B) 117.0(4) C(20C)-C(21C)-C(22C) 105.6(5)
C(32I)-C(28I)-C(29I) 104.4(11) C(25B)-C(24B)-C(23B) 103.7(5) C(21C)-C(22C)-C(18C) 105.9(5)
C(32I)-C(28I)-P(7A) 115.1(19) C(26B)-C(25B)-C(24B) 105.2(6) C(27C)-C(23C)-C(24C) 102.8(5)
C(29I)-C(28I)-P(7A) 109.4(19) C(25B)-C(26B)-C(27B) 108.2(6) C(27C)-C(23C)-P(5C) 115.8(4)
C(30I)-C(29I)-C(28I) 102.8(11) C(26B)-C(27B)-C(23B) 105.3(5) C(24C)-C(23C)-P(5C) 118.0(4)
C(31I)-C(30I)-C(29I) 104.1(11) C(32B)-C(28B)-C(29B) 104.1(5) C(25C)-C(24C)-C(23C) 105.1(5)
C(32I)-C(31I)-C(30I) 107.0(9) C(32B)-C(28B)-P(7B) 113.3(5) C(26C)-C(25C)-C(24C) 107.0(5)
C(31I)-C(32I)-C(28I) 106.5(9) C(29B)-C(28B)-P(7B) 112.5(4) C(25C)-C(26C)-C(27C) 105.8(5)
C(34A)-C(33A)-C(37A) 104.1(6) C(30B)-C(29B)-C(28B) 106.7(6) C(23C)-C(27C)-C(26C) 103.7(5)
C(34A)-C(33A)-P(7A) 120.8(5) C(29B)-C(30B)-C(31B) 108.0(7) C(29C)-C(28C)-C(32C) 105.7(6)
C(37A)-C(33A)-P(7A) 111.4(5) C(30B)-C(31B)-C(32B) 105.1(7) C(29C)-C(28C)-P(7C) 112.9(4)
C(35A)-C(34A)-C(33A) 105.2(6) C(28B)-C(32B)-C(31B) 101.2(7) C(32C)-C(28C)-P(7C) 119.3(5)
C(36A)-C(35A)-C(34A) 104.0(7) C(37B)-C(33B)-C(34B) 104.3(6) C(30C)-C(29C)-C(28C) 105.9(7)
C(35A)-C(36A)-C(37A) 107.2(7) C(37B)-C(33B)-P(7B) 112.6(4) C(29C)-C(30C)-C(31C) 107.5(7)
C(36A)-C(37A)-C(33A) 106.2(6) C(34B)-C(33B)-P(7B) 121.5(5) C(30C)-C(31C)-C(32C) 103.3(7)
O(38A)-C(38A)-Ru(1A) 174.9(5) C(35B)-C(34B)-C(33B) 105.9(6) C(31C)-C(32C)-C(28C) 103.9(7)
O(39A)-C(39A)-Ru(1A) 170.2(5) C(36B)-C(35B)-C(34B) 108.0(7) C(34C)-C(33C)-C(37C) 102.5(6)
O(40A)-C(40A)-Ru(1A) 173.1(7) C(35B)-C(36B)-C(37B) 106.7(7) C(34C)-C(33C)-P(7C) 113.8(4)
C(38B)-Ru(1B)-C(39B) 91.2(3) C(36B)-C(37B)-C(33B) 104.1(6) C(37C)-C(33C)-P(7C) 113.5(5)
C(38B)-Ru(1B)-C(40B) 85.2(3) O(38B)-C(38B)-Ru(1B) 177.2(6) C(33C)-C(34C)-C(35C) 103.4(6)
C(39B)-Ru(1B)-C(40B) 131.4(2) O(39B)-C(39B)-Ru(1B) 175.2(5) C(36C)-C(35C)-C(34C) 104.9(7)
C(38B)-Ru(1B)-P(3B) 96.13(19) O(40B)-C(40B)-Ru(1B) 172.8(6) C(35C)-C(36C)-C(37C) 106.0(6)
C(39B)-Ru(1B)-P(3B) 100.03(16) C(40C)-Ru(1C)-C(38C) 85.4(3) C(36C)-C(37C)-C(33C) 106.6(7)
C(40B)-Ru(1B)-P(3B) 128.5(2) C(40C)-Ru(1C)-C(39C) 130.0(3) O(38C)-C(38C)-Ru(1C) 174.2(5)
C(38B)-Ru(1B)-P(5B) 176.0(2) C(38C)-Ru(1C)-C(39C) 89.7(3) O(39C)-C(39C)-Ru(1C) 173.4(5)
C(39B)-Ru(1B)-P(5B) 90.52(17) C(40C)-Ru(1C)-P(5C) 87.03(17) O(40C)-C(40C)-Ru(1C) 175.9(6)
C(40B)-Ru(1B)-P(5B) 91.0(2) C(38C)-Ru(1C)-P(5C) 172.32(19) C(40D)-Ru(1D)-C(38D) 86.2(3)
P(3B)-Ru(1B)-P(5B) 87.08(5) C(39C)-Ru(1C)-P(5C) 94.36(16) C(40D)-Ru(1D)-C(39D) 119.4(4)
C(4B)-N(1B)-C(2B) 111.6(4) C(40C)-Ru(1C)-P(3C) 123.4(2) C(38D)-Ru(1D)-C(39D) 90.7(3)
C(4B)-N(1B)-C(6B) 110.9(4) C(38C)-Ru(1C)-P(3C) 96.26(18) C(40D)-Ru(1D)-P(3D) 131.4(3)
C(2B)-N(1B)-C(6B) 108.3(4) C(39C)-Ru(1C)-P(3C) 106.57(18) C(38D)-Ru(1D)-P(3D) 90.14(19)
N(1B)-C(2B)-P(3B) 114.1(3) P(5C)-Ru(1C)-P(3C) 88.88(5) C(39D)-Ru(1D)-P(3D) 109.13(19)
C(2B)-P(3B)-C(13B) 99.0(3) C(4C)-N(1C)-C(2C) 111.0(4) C(40D)-Ru(1D)-P(5D) 87.9(2)
C(2B)-P(3B)-C(8B) 99.6(3) C(4C)-N(1C)-C(6C) 107.5(4) C(38D)-Ru(1D)-P(5D) 172.4(3)
C(13B)-P(3B)-C(8B) 103.9(3) C(2C)-N(1C)-C(6C) 108.8(4) C(39D)-Ru(1D)-P(5D) 96.31(18)
C(2B)-P(3B)-Ru(1B) 112.51(17) N(1C)-C(2C)-P(3C) 114.2(3) P(3D)-Ru(1D)-P(5D) 90.22(5)
C(13B)-P(3B)-Ru(1B) 116.4(2) C(2C)-P(3C)-C(8C) 100.3(2) C(2D)-N(1D)-C(6D) 108.9(4)
C(8B)-P(3B)-Ru(1B) 121.87(18) C(2C)-P(3C)-C(13C) 97.0(2) C(2D)-N(1D)-C(4D) 110.7(4)
N(1B)-C(4B)-P(5B) 114.0(4) C(8C)-P(3C)-C(13C) 105.1(3) C(6D)-N(1D)-C(4D) 107.7(4)
C(4B)-P(5B)-C(18B) 100.3(3) C(2C)-P(3C)-Ru(1C) 115.89(17) N(1D)-C(2D)-P(3D) 116.9(4)
C(4B)-P(5B)-C(23B) 101.1(3) C(8C)-P(3C)-Ru(1C) 117.86(17) C(8D)-P(3D)-C(2D) 104.9(3)
C(18B)-P(5B)-C(23B) 105.4(3) C(13C)-P(3C)-Ru(1C) 117.42(18) C(8D)-P(3D)-C(13D) 101.4(3)
C(4B)-P(5B)-Ru(1B) 113.24(18) N(1C)-C(4C)-P(5C) 117.5(3) C(2D)-P(3D)-C(13D) 96.5(2)
C(18B)-P(5B)-Ru(1B) 117.2(2) C(18C)-P(5C)-C(4C) 99.0(2) C(8D)-P(3D)-Ru(1D) 114.9(2)
C(23B)-P(5B)-Ru(1B) 117.17(19) C(18C)-P(5C)-C(23C) 100.4(2) C(2D)-P(3D)-Ru(1D) 119.59(18)
N(1B)-C(6B)-P(7B) 114.8(4) C(4C)-P(5C)-C(23C) 105.3(2) C(13D)-P(3D)-Ru(1D) 116.67(19)
C(28B)-P(7B)-C(33B) 102.0(3) C(18C)-P(5C)-Ru(1C) 117.34(18) N(1D)-C(4D)-P(5D) 117.6(4)
C(28B)-P(7B)-C(6B) 97.1(3) C(4C)-P(5C)-Ru(1C) 117.79(17) C(4D)-P(5D)-C(23D) 104.2(3)
C(33B)-P(7B)-C(6B) 102.7(3) C(23C)-P(5C)-Ru(1C) 114.51(17) C(4D)-P(5D)-C(18D) 98.3(3)
C(9B)-C(8B)-C(12B) 106.0(5) N(1C)-C(6C)-P(7C) 114.2(4) C(23D)-P(5D)-C(18D) 101.4(3)
C(9B)-C(8B)-P(3B) 117.5(4) C(33C)-P(7C)-C(28C) 102.2(3) C(4D)-P(5D)-Ru(1D) 118.64(18)
C(12B)-C(8B)-P(3B) 114.1(4) C(33C)-P(7C)-C(6C) 98.1(3) C(23D)-P(5D)-Ru(1D) 113.34(19)
C(10B)-C(9B)-C(8B) 103.5(6) C(28C)-P(7C)-C(6C) 102.5(3) C(18D)-P(5D)-Ru(1D) 118.3(2)
C(11B)-C(10B)-C(9B) 104.1(6) C(12C)-C(8C)-C(9C) 104.4(5) N(1D)-C(6D)-P(7D) 114.1(4)
C(10B)-C(11B)-C(12B) 106.6(6) C(12C)-C(8C)-P(3C) 119.3(4) C(33D)-P(7D)-C(28D) 101.6(3)
C(11B)-C(12B)-C(8B) 105.3(5) C(9C)-C(8C)-P(3C) 114.8(4) C(33D)-P(7D)-C(6D) 98.3(3)
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Bond lengths (A˚) and angles (◦) for Complex 35 Continued
C(28D)-P(7D)-C(6D) 102.3(3) C(4E)-P(5E)-C(23E) 103.9(3) C(4F)-N(1F)-C(6F) 108.9(4)
C(12D)-C(8D)-C(9D) 103.9(6) C(18E)-P(5E)-Ru(1E) 116.38(19) N(1F)-C(2F)-P(3F) 116.8(3)
C(12D)-C(8D)-P(3D) 115.7(5) C(4E)-P(5E)-Ru(1E) 119.16(18) C(8F)-P(3F)-C(13F) 101.4(3)
C(9D)-C(8D)-P(3D) 117.9(5) C(23E)-P(5E)-Ru(1E) 114.52(19) C(8F)-P(3F)-C(2F) 103.8(3)
C(10D)-C(9D)-C(8D) 104.0(6) N(1E)-C(6E)-P(7E) 113.9(4) C(13F)-P(3F)-C(2F) 97.1(2)
C(11D)-C(10D)-C(9D) 108.7(6) C(28E)-P(7E)-C(6E) 98.6(3) C(8F)-P(3F)-Ru(1F) 113.46(19)
C(10D)-C(11D)-C(12D) 106.2(7) C(28E)-P(7E)-C(33E) 100.7(3) C(13F)-P(3F)-Ru(1F) 118.24(18)
C(8D)-C(12D)-C(11D) 103.1(6) C(6E)-P(7E)-C(33E) 102.6(3) C(2F)-P(3F)-Ru(1F) 119.92(16)
C(17D)-C(13D)-C(14D) 105.5(5) C(9E)-C(8E)-C(12E) 104.0(7) N(1F)-C(4F)-P(5F) 116.0(3)
C(17D)-C(13D)-P(3D) 113.7(4) C(9E)-C(8E)-P(3E) 119.9(8) C(4F)-P(5F)-C(23F) 104.1(2)
C(14D)-C(13D)-P(3D) 114.3(4) C(12E)-C(8E)-P(3E) 112.7(6) C(4F)-P(5F)-C(18F) 98.8(2)
C(15D)-C(14D)-C(13D) 105.9(6) C(8E)-C(9E)-C(10E) 102.3(8) C(23F)-P(5F)-C(18F) 101.3(2)
C(16D)-C(15D)-C(14D) 106.3(6) C(11E)-C(10E)-C(9E) 104.8(8) C(4F)-P(5F)-Ru(1F) 118.62(17)
C(15D)-C(16D)-C(17D) 104.5(6) C(10E)-C(11E)-C(12E) 106.3(7) C(23F)-P(5F)-Ru(1F) 113.94(18)
C(16D)-C(17D)-C(13D) 104.8(6) C(11E)-C(12E)-C(8E) 105.6(6) C(18F)-P(5F)-Ru(1F) 117.48(18)
C(19D)-C(18D)-C(22D) 105.9(5) C(9M)-C(8M)-C(12M) 103.2(11) N(1F)-C(6F)-P(7F) 113.7(4)
C(19D)-C(18D)-P(5D) 115.9(4) C(9M)-C(8M)-P(3E) 123.4(16) C(33F)-P(7F)-C(6F) 101.5(3)
C(22D)-C(18D)-P(5D) 112.2(4) C(12M)-C(8M)-P(3E) 112.9(15) C(33F)-P(7F)-C(28F) 101.8(3)
C(20D)-C(19D)-C(18D) 103.2(5) C(10M)-C(9M)-C(8M) 105.0(10) C(6F)-P(7F)-C(28F) 99.2(3)
C(21D)-C(20D)-C(19D) 103.6(5) C(11M)-C(10M)-C(9M) 107.8(9) C(12F)-C(8F)-C(9F) 105.6(5)
C(20D)-C(21D)-C(22D) 104.2(5) C(10M)-C(11M)-C(12M) 105.4(10) C(12F)-C(8F)-P(3F) 112.7(4)
C(21D)-C(22D)-C(18D) 105.6(5) C(11M)-C(12M)-C(8M) 102.6(11) C(9F)-C(8F)-P(3F) 118.6(4)
C(27D)-C(23D)-C(24D) 104.8(5) C(17E)-C(13E)-C(14E) 105.7(6) C(10F)-C(9F)-C(8F) 103.0(6)
C(27D)-C(23D)-P(5D) 114.3(4) C(17E)-C(13E)-P(3E) 113.4(5) C(11F)-C(10F)-C(9F) 110.5(7)
C(24D)-C(23D)-P(5D) 118.0(4) C(14E)-C(13E)-P(3E) 114.2(5) C(10F)-C(11F)-C(12F) 107.8(7)
C(25D)-C(24D)-C(23D) 105.5(5) C(15E)-C(14E)-C(13E) 107.0(8) C(11F)-C(12F)-C(8F) 105.4(6)
C(26D)-C(25D)-C(24D) 106.8(6) C(16E)-C(15E)-C(14E) 108.0(8) C(17F)-C(13F)-C(14F) 105.2(5)
C(27D)-C(26D)-C(25D) 103.7(6) C(15E)-C(16E)-C(17E) 106.7(8) C(17F)-C(13F)-P(3F) 114.1(4)
C(26D)-C(27D)-C(23D) 104.6(5) C(13E)-C(17E)-C(16E) 101.7(7) C(14F)-C(13F)-P(3F) 114.1(4)
C(29D)-C(28D)-C(32D) 105.8(6) C(19E)-C(18E)-C(22E) 105.2(5) C(15F)-C(14F)-C(13F) 106.6(5)
C(29D)-C(28D)-P(7D) 112.2(5) C(19E)-C(18E)-P(5E) 115.6(4) C(16F)-C(15F)-C(14F) 108.5(7)
C(32D)-C(28D)-P(7D) 119.9(5) C(22E)-C(18E)-P(5E) 113.5(4) C(15F)-C(16F)-C(17F) 106.9(6)
C(30D)-C(29D)-C(28D) 104.6(6) C(20E)-C(19E)-C(18E) 104.5(5) C(16F)-C(17F)-C(13F) 104.3(5)
C(31D)-C(30D)-C(29D) 103.3(7) C(21E)-C(20E)-C(19E) 107.8(6) C(22F)-C(18F)-C(19F) 105.6(4)
C(30D)-C(31D)-C(32D) 107.6(7) C(20E)-C(21E)-C(22E) 110.9(6) C(22F)-C(18F)-P(5F) 112.3(4)
C(31D)-C(32D)-C(28D) 104.7(7) C(21E)-C(22E)-C(18E) 104.8(5) C(19F)-C(18F)-P(5F) 115.7(4)
C(37D)-C(33D)-C(34D) 102.0(5) C(24E)-C(23E)-C(27E) 103.3(5) C(20F)-C(19F)-C(18F) 103.7(5)
C(37D)-C(33D)-P(7D) 113.2(4) C(24E)-C(23E)-P(5E) 118.5(4) C(21F)-C(20F)-C(19F) 109.1(6)
C(34D)-C(33D)-P(7D) 113.4(5) C(27E)-C(23E)-P(5E) 115.2(4) C(20F)-C(21F)-C(22F) 109.2(5)
C(35D)-C(34D)-C(33D) 105.9(6) C(25E)-C(24E)-C(23E) 105.9(5) C(21F)-C(22F)-C(18F) 105.0(5)
C(34D)-C(35D)-C(36D) 107.5(6) C(24E)-C(25E)-C(26E) 107.4(6) C(27F)-C(23F)-C(24F) 103.5(4)
C(37D)-C(36D)-C(35D) 103.8(6) C(27E)-C(26E)-C(25E) 104.5(6) C(27F)-C(23F)-P(5F) 114.3(4)
C(36D)-C(37D)-C(33D) 104.9(5) C(26E)-C(27E)-C(23E) 103.3(5) C(24F)-C(23F)-P(5F) 118.0(4)
O(38D)-C(38D)-Ru(1D) 175.5(7) C(29E)-C(28E)-C(32E) 105.2(5) C(25F)-C(24F)-C(23F) 105.1(5)
O(39D)-C(39D)-Ru(1D) 171.3(6) C(29E)-C(28E)-P(7E) 111.6(4) C(26F)-C(25F)-C(24F) 106.9(6)
O(40D)-C(40D)-Ru(1D) 175.2(8) C(32E)-C(28E)-P(7E) 112.0(5) C(25F)-C(26F)-C(27F) 108.2(6)
C(38E)-Ru(1E)-C(39E) 91.3(3) C(30E)-C(29E)-C(28E) 105.5(5) C(26F)-C(27F)-C(23F) 103.2(5)
C(38E)-Ru(1E)-C(40E) 84.3(3) C(31E)-C(30E)-C(29E) 107.4(6) C(32F)-C(28F)-C(29F) 103.7(5)
C(39E)-Ru(1E)-C(40E) 122.9(4) C(30E)-C(31E)-C(32E) 103.4(6) C(32F)-C(28F)-P(7F) 112.8(5)
C(38E)-Ru(1E)-P(3E) 92.5(2) C(31E)-C(32E)-C(28E) 104.5(6) C(29F)-C(28F)-P(7F) 112.5(4)
C(39E)-Ru(1E)-P(3E) 108.9(2) C(34E)-C(33E)-C(37E) 104.4(5) C(30F)-C(29F)-C(28F) 104.8(6)
C(40E)-Ru(1E)-P(3E) 128.1(3) C(34E)-C(33E)-P(7E) 119.3(5) C(29F)-C(30F)-C(31F) 109.1(7)
C(38E)-Ru(1E)-P(5E) 171.3(2) C(37E)-C(33E)-P(7E) 112.4(4) C(30F)-C(31F)-C(32F) 105.5(6)
C(39E)-Ru(1E)-P(5E) 95.9(2) C(35E)-C(34E)-C(33E) 106.2(6) C(31F)-C(32F)-C(28F) 104.8(6)
C(40E)-Ru(1E)-P(5E) 87.6(2) C(36E)-C(35E)-C(34E) 106.4(6) C(37F)-C(33F)-C(34F) 103.9(5)
P(3E)-Ru(1E)-P(5E) 89.88(5) C(35E)-C(36E)-C(37E) 103.7(6) C(37F)-C(33F)-P(7F) 120.6(4)
C(2E)-N(1E)-C(4E) 110.4(5) C(36E)-C(37E)-C(33E) 103.0(5) C(34F)-C(33F)-P(7F) 112.7(4)
C(2E)-N(1E)-C(6E) 107.6(4) O(38E)-C(38E)-Ru(1E) 175.6(6) C(35F)-C(34F)-C(33F) 106.6(5)
C(4E)-N(1E)-C(6E) 109.3(4) O(39E)-C(39E)-Ru(1E) 171.9(7) C(36F)-C(35F)-C(34F) 107.6(6)
N(1E)-C(2E)-P(3E) 116.8(4) O(40E)-C(40E)-Ru(1E) 175.5(9) C(35F)-C(36F)-C(37F) 106.4(5)
C(2E)-P(3E)-C(8M) 87.3(8) C(38F)-Ru(1F)-C(40F) 85.1(3) C(33F)-C(37F)-C(36F) 103.0(5)
C(2E)-P(3E)-C(13E) 95.7(3) C(38F)-Ru(1F)-C(39F) 93.3(3) O(38F)-C(38F)-Ru(1F) 175.9(7)
C(8M)-P(3E)-C(13E) 113.0(9) C(40F)-Ru(1F)-C(39F) 123.0(3) O(39F)-C(39F)-Ru(1F) 172.9(6)
C(2E)-P(3E)-C(8E) 108.5(5) C(38F)-Ru(1F)-P(3F) 89.44(18) O(40F)-C(40F)-Ru(1F) 174.6(7)
C(13E)-P(3E)-C(8E) 100.3(4) C(40F)-Ru(1F)-P(3F) 126.9(2) C(39G)-Ru(1G)-C(38G) 88.1(2)
C(2E)-P(3E)-Ru(1E) 120.1(2) C(39F)-Ru(1F)-P(3F) 110.0(2) C(39G)-Ru(1G)-C(40G) 126.6(3)
C(8M)-P(3E)-Ru(1E) 117.1(7) C(38F)-Ru(1F)-P(5F) 171.2(2) C(38G)-Ru(1G)-C(40G) 89.2(3)
C(13E)-P(3E)-Ru(1E) 118.0(2) C(40F)-Ru(1F)-P(5F) 87.8(2) C(39G)-Ru(1G)-P(5G) 90.29(17)
C(8E)-P(3E)-Ru(1E) 111.6(4) C(39F)-Ru(1F)-P(5F) 94.95(19) C(38G)-Ru(1G)-P(5G) 176.28(18)
N(1E)-C(4E)-P(5E) 115.8(4) P(3F)-Ru(1F)-P(5F) 90.58(5) C(40G)-Ru(1G)-P(5G) 89.00(19)
C(18E)-P(5E)-C(4E) 99.5(3) C(2F)-N(1F)-C(4F) 109.9(4) C(39G)-Ru(1G)-P(3G) 110.77(17)
C(18E)-P(5E)-C(23E) 100.7(3) C(2F)-N(1F)-C(6F) 107.8(4) C(38G)-Ru(1G)-P(3G) 94.27(18)
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Bond lengths (A˚) and angles (◦) for Complex 35 Continued
C(40G)-Ru(1G)-P(3G) 122.7(3) C(29G)-C(28G)-C(32G) 105.2(8) C(19H)-C(18H)-C(22H) 104.2(5)
P(5G)-Ru(1G)-P(3G) 89.43(5) C(29G)-C(28G)-P(7G) 113.7(14) C(19H)-C(18H)-P(5H) 115.3(4)
C(4G)-N(1G)-C(2G) 110.8(4) C(32G)-C(28G)-P(7G) 113.9(13) C(22H)-C(18H)-P(5H) 115.4(4)
C(4G)-N(1G)-C(6G) 109.3(4) C(30G)-C(29G)-C(28G) 105.7(9) C(20H)-C(19H)-C(18H) 103.3(5)
C(2G)-N(1G)-C(6G) 109.5(4) C(29G)-C(30G)-C(31G) 104.2(8) C(21H)-C(20H)-C(19H) 105.7(6)
N(1G)-C(2G)-P(3G) 113.7(4) C(32G)-C(31G)-C(30G) 109.0(8) C(20H)-C(21H)-C(22H) 107.9(7)
C(2G)-P(3G)-C(8G) 100.6(7) C(31G)-C(32G)-C(28G) 106.9(8) C(21H)-C(22H)-C(18H) 105.5(6)
C(2G)-P(3G)-C(8O) 96.8(11) C(29O)-C(28O)-C(32O) 102.9(12) C(24H)-C(23H)-C(27H) 102.7(8)
C(2G)-P(3G)-C(13O) 97.7(11) C(29O)-C(28O)-P(7G) 115(2) C(24H)-C(23H)-P(5H) 116.1(11)
C(8O)-P(3G)-C(13O) 103.9(17) C(32O)-C(28O)-P(7G) 111(2) C(27H)-C(23H)-P(5H) 117.9(14)
C(2G)-P(3G)-C(13G) 98.2(7) C(30O)-C(29O)-C(28O) 104.0(11) C(23H)-C(24H)-C(25H) 102.1(8)
C(8G)-P(3G)-C(13G) 104.0(11) C(31O)-C(30O)-C(29O) 106.8(10) C(26H)-C(25H)-C(24H) 108.1(7)
C(2G)-P(3G)-Ru(1G) 114.44(17) C(30O)-C(31O)-C(32O) 108.8(9) C(25H)-C(26H)-C(27H) 106.9(7)
C(8G)-P(3G)-Ru(1G) 120.1(8) C(31O)-C(32O)-C(28O) 104.1(11) C(26H)-C(27H)-C(23H) 103.1(8)
C(8O)-P(3G)-Ru(1G) 120.6(11) C(37G)-C(33G)-C(34G) 105.4(6) C(24P)-C(23P)-C(27P) 107.5(9)
C(13O)-P(3G)-Ru(1G) 119.0(11) C(37G)-C(33G)-P(7G) 113.6(5) C(24P)-C(23P)-P(5H) 118(2)
C(13G)-P(3G)-Ru(1G) 116.3(8) C(34G)-C(33G)-P(7G) 118.7(5) C(27P)-C(23P)-P(5H) 115(3)
N(1G)-C(4G)-P(5G) 113.9(4) C(35G)-C(34G)-C(33G) 105.7(6) C(23P)-C(24P)-C(25P) 105.9(11)
C(4G)-P(5G)-C(18G) 99.4(2) C(36G)-C(35G)-C(34G) 108.2(7) C(26P)-C(25P)-C(24P) 104.3(12)
C(4G)-P(5G)-C(23G) 101.4(3) C(35G)-C(36G)-C(37G) 105.3(7) C(25P)-C(26P)-C(27P) 104.4(12)
C(18G)-P(5G)-C(23G) 100.6(2) C(33G)-C(37G)-C(36G) 102.7(7) C(23P)-C(27P)-C(26P) 105.7(10)
C(4G)-P(5G)-Ru(1G) 114.28(18) O(38G)-C(38G)-Ru(1G) 175.6(6) C(29H)-C(28H)-C(32H) 104.5(5)
C(18G)-P(5G)-Ru(1G) 117.98(19) O(39G)-C(39G)-Ru(1G) 172.5(5) C(29H)-C(28H)-P(7H) 114.0(4)
C(23G)-P(5G)-Ru(1G) 119.93(19) O(40G)-C(40G)-Ru(1G) 175.5(9) C(32H)-C(28H)-P(7H) 119.1(4)
N(1G)-C(6G)-P(7G) 112.6(4) C(40H)-Ru(1H)-C(38H) 86.3(2) C(30H)-C(29H)-C(28H) 103.7(5)
C(28O)-P(7G)-C(33G) 98.1(12) C(40H)-Ru(1H)-C(39H) 135.4(3) C(31H)-C(30H)-C(29H) 103.6(6)
C(33G)-P(7G)-C(28G) 103.0(8) C(38H)-Ru(1H)-C(39H) 88.8(2) C(30H)-C(31H)-C(32H) 105.6(6)
C(28O)-P(7G)-C(6G) 99.2(11) C(40H)-Ru(1H)-P(3H) 110.70(18) C(31H)-C(32H)-C(28H) 105.5(5)
C(33G)-P(7G)-C(6G) 101.7(3) C(38H)-Ru(1H)-P(3H) 94.40(18) C(37H)-C(33H)-C(34H) 103.2(5)
C(28G)-P(7G)-C(6G) 98.9(7) C(39H)-Ru(1H)-P(3H) 113.9(2) C(37H)-C(33H)-P(7H) 113.1(5)
C(12G)-C(8G)-C(9G) 104.5(9) C(40H)-Ru(1H)-P(5H) 89.28(17) C(34H)-C(33H)-P(7H) 113.1(4)
C(12G)-C(8G)-P(3G) 116.4(13) C(38H)-Ru(1H)-P(5H) 173.82(18) C(35H)-C(34H)-C(33H) 107.4(6)
C(9G)-C(8G)-P(3G) 117.2(15) C(39H)-Ru(1H)-P(5H) 91.25(17) C(36H)-C(35H)-C(34H) 107.7(7)
C(10G)-C(9G)-C(8G) 103.3(8) P(3H)-Ru(1H)-P(5H) 91.21(5) C(35H)-C(36H)-C(37H) 105.5(7)
C(11G)-C(10G)-C(9G) 104.8(8) C(2H)-N(1H)-C(6H) 110.5(4) C(36H)-C(37H)-C(33H) 103.3(7)
C(10G)-C(11G)-C(12G) 109.1(7) C(2H)-N(1H)-C(4H) 109.9(4) O(38H)-C(38H)-Ru(1H) 175.3(5)
C(11G)-C(12G)-C(8G) 105.6(7) C(6H)-N(1H)-C(4H) 109.1(4) O(39H)-C(39H)-Ru(1H) 174.7(6)
C(9O)-C(8O)-C(12O) 103.3(12) N(1H)-C(2H)-P(3H) 116.3(4) O(40H)-C(40H)-Ru(1H) 175.3(5)
C(9O)-C(8O)-P(3G) 122(2) C(2H)-P(3H)-C(8H) 100.9(3)
C(12O)-C(8O)-P(3G) 117(2) C(2H)-P(3H)-C(13H) 96.1(3)
C(10O)-C(9O)-C(8O) 105.4(10) C(8H)-P(3H)-C(13H) 101.2(3)
C(11O)-C(10O)-C(9O) 107.5(9) C(2H)-P(3H)-Ru(1H) 118.80(18)
C(10O)-C(11O)-C(12O) 107.2(10) C(8H)-P(3H)-Ru(1H) 116.63(19)
C(11O)-C(12O)-C(8O) 103.5(12) C(13H)-P(3H)-Ru(1H) 119.4(2)
C(14G)-C(13G)-C(17G) 104.3(8) N(1H)-C(4H)-P(5H) 111.8(4)
C(14G)-C(13G)-P(3G) 116.5(12) C(23H)-P(5H)-C(4H) 102.1(7)
C(17G)-C(13G)-P(3G) 116.2(13) C(4H)-P(5H)-C(23P) 99.8(11)
C(15G)-C(14G)-C(13G) 106.4(7) C(23H)-P(5H)-C(18H) 100.7(7)
C(14G)-C(15G)-C(16G) 106.7(7) C(4H)-P(5H)-C(18H) 100.8(3)
C(17G)-C(16G)-C(15G) 103.1(8) C(23P)-P(5H)-C(18H) 105.8(12)
C(16G)-C(17G)-C(13G) 102.2(7) C(23H)-P(5H)-Ru(1H) 117.3(7)
C(17O)-C(13O)-C(14O) 102.8(11) C(4H)-P(5H)-Ru(1H) 114.14(18)
C(17O)-C(13O)-P(3G) 113(2) C(23P)-P(5H)-Ru(1H) 114.8(14)
C(14O)-C(13O)-P(3G) 115(2) C(18H)-P(5H)-Ru(1H) 119.0(2)
C(15O)-C(14O)-C(13O) 101.2(10) N(1H)-C(6H)-P(7H) 114.3(4)
C(16O)-C(15O)-C(14O) 104.7(10) C(33H)-P(7H)-C(28H) 101.0(3)
C(17O)-C(16O)-C(15O) 107.2(9) C(33H)-P(7H)-C(6H) 97.8(3)
C(16O)-C(17O)-C(13O) 105.9(9) C(28H)-P(7H)-C(6H) 104.0(3)
C(19G)-C(18G)-C(22G) 105.7(5) C(9H)-C(8H)-C(12H) 104.4(5)
C(19G)-C(18G)-P(5G) 115.8(4) C(9H)-C(8H)-P(3H) 115.6(4)
C(22G)-C(18G)-P(5G) 115.6(4) C(12H)-C(8H)-P(3H) 113.0(4)
C(20G)-C(19G)-C(18G) 103.0(5) C(10H)-C(9H)-C(8H) 104.7(5)
C(21G)-C(20G)-C(19G) 104.8(5) C(11H)-C(10H)-C(9H) 109.5(6)
C(20G)-C(21G)-C(22G) 106.7(6) C(10H)-C(11H)-C(12H) 109.4(6)
C(21G)-C(22G)-C(18G) 105.4(5) C(11H)-C(12H)-C(8H) 106.4(5)
C(27G)-C(23G)-C(24G) 105.0(5) C(14H)-C(13H)-C(17H) 103.6(5)
C(27G)-C(23G)-P(5G) 116.4(4) C(14H)-C(13H)-P(3H) 117.0(4)
C(24G)-C(23G)-P(5G) 114.5(4) C(17H)-C(13H)-P(3H) 114.6(4)
C(25G)-C(24G)-C(23G) 104.1(5) C(15H)-C(14H)-C(13H) 104.3(6)
C(26G)-C(25G)-C(24G) 108.8(6) C(16H)-C(15H)-C(14H) 106.2(6)
C(25G)-C(26G)-C(27G) 104.1(6) C(15H)-C(16H)-C(17H) 107.6(6)
C(26G)-C(27G)-C(23G) 103.3(5) C(16H)-C(17H)-C(13H) 105.2(5)
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Bond lengths (A˚) and angles (◦) for [Ru(OTf)(CO)2(κ3-NP3Ph)]2[Ag(OTf)3]
Ru(1A)-C(54A) 1.971(4) N(1B)-C(6B) 1.462(4) S(80)-O(83) 1.428(3)
Ru(1A)-C(55A) 1.975(4) C(2B)-P(3B) 1.880(3) S(80)-O(82) 1.432(3)
Ru(1A)-O(51A) 2.198(2) P(3B)-C(14B) 1.826(4) S(80)-O(81) 1.456(3)
Ru(1A)-P(3A) 2.3290(8) P(3B)-C(8B) 1.831(4) S(80)-C(80) 1.815(5)
Ru(1A)-P(7A) 2.4195(8) C(4B)-P(5B) 1.868(3) C(80)-F(82) 1.313(6)
Ru(1A)-P(5A) 2.4220(8) P(5B)-C(26B) 1.817(3) C(80)-F(81) 1.316(6)
N(1A)-C(2A) 1.454(4) P(5B)-C(20B) 1.835(4) C(80)-F(83) 1.327(6)
N(1A)-C(6A) 1.457(4) C(6B)-P(7B) 1.867(3) O(90)-C(93) 1.411(9)
N(1A)-C(4A) 1.462(4) P(7B)-C(38B) 1.834(4) O(90)-C(91) 1.427(9)
N(1A)-Ag(1) 2.638(2) P(7B)-C(32B) 1.835(4) C(91)-C(92) 1.507(10)
C(2A)-P(3A) 1.880(3) C(8B)-C(13B) 1.375(6) C(93)-C(94) 1.492(11)
P(3A)-C(14A) 1.830(4) C(8B)-C(9B) 1.392(5) O(90’)-C(91’) 1.418(17)
P(3A)-C(8A) 1.835(4) C(9B)-C(10B) 1.378(6) O(90’)-C(93’) 1.422(16)
C(4A)-P(5A) 1.876(3) C(10B)-C(11B) 1.373(7) C(91’)-C(92’) 1.507(18)
P(5A)-C(26A) 1.822(3) C(11B)-C(12B) 1.367(7) C(93’)-C(94’) 1.512(18)
P(5A)-C(20A) 1.827(3) C(12B)-C(13B) 1.385(6) C(100)-Cl(1) 1.705(7)
C(6A)-P(7A) 1.874(3) C(14B)-C(15B) 1.390(5) C(100)-Cl(2) 1.730(10)
P(7A)-C(38A) 1.827(4) C(14B)-C(19B) 1.390(5) C(110)-Cl(3) 1.713(12)
P(7A)-C(32A) 1.838(3) C(15B)-C(16B) 1.384(6) C(110)-Cl(4) 1.715(9)
C(8A)-C(13A) 1.392(5) C(16B)-C(17B) 1.375(7) C(11’)-Cl(3’) 1.712(17)
C(8A)-C(9A) 1.396(6) C(17B)-C(18B) 1.379(8) C(11’)-Cl(4’) 1.719(17)
C(9A)-C(10A) 1.386(7) C(18B)-C(19B) 1.378(7)
C(10A)-C(11A) 1.379(8) C(20B)-C(21B) 1.384(5) C(54A)-Ru(1A)-C(55A) 89.92(15)
C(11A)-C(12A) 1.374(7) C(20B)-C(25B) 1.396(5) C(54A)-Ru(1A)-O(51A) 89.97(12)
C(12A)-C(13A) 1.388(6) C(21B)-C(22B) 1.384(6) C(55A)-Ru(1A)-O(51A) 84.78(13)
C(14A)-C(15A) 1.382(5) C(22B)-C(23B) 1.385(7) C(54A)-Ru(1A)-P(3A) 87.05(11)
C(14A)-C(19A) 1.391(5) C(23B)-C(24B) 1.383(7) C(55A)-Ru(1A)-P(3A) 98.50(11)
C(15A)-C(16A) 1.386(6) C(24B)-C(25B) 1.375(6) O(51A)-Ru(1A)-P(3A) 175.56(8)
C(16A)-C(17A) 1.377(6) C(26B)-C(31B) 1.383(5) C(54A)-Ru(1A)-P(7A) 97.99(11)
C(17A)-C(18A) 1.378(7) C(26B)-C(27B) 1.400(5) C(55A)-Ru(1A)-P(7A) 168.74(11)
C(18A)-C(19A) 1.381(6) C(27B)-C(28B) 1.381(6) O(51A)-Ru(1A)-P(7A) 87.22(7)
C(20A)-C(21A) 1.390(5) C(28B)-C(29B) 1.373(7) P(3A)-Ru(1A)-P(7A) 89.93(3)
C(20A)-C(25A) 1.399(5) C(29B)-C(30B) 1.373(7) C(54A)-Ru(1A)-P(5A) 173.84(11)
C(21A)-C(22A) 1.388(6) C(30B)-C(31B) 1.391(6) C(55A)-Ru(1A)-P(5A) 87.15(10)
C(22A)-C(23A) 1.376(6) C(32B)-C(33B) 1.394(5) O(51A)-Ru(1A)-P(5A) 95.16(7)
C(23A)-C(24A) 1.377(7) C(32B)-C(37B) 1.398(5) P(3A)-Ru(1A)-P(5A) 88.02(3)
C(24A)-C(25A) 1.384(6) C(33B)-C(34B) 1.381(6) P(7A)-Ru(1A)-P(5A) 85.70(3)
C(26A)-C(31A) 1.386(5) C(34B)-C(35B) 1.376(7) C(2A)-N(1A)-C(6A) 115.4(3)
C(26A)-C(27A) 1.393(5) C(35B)-C(36B) 1.368(8) C(2A)-N(1A)-C(4A) 114.9(3)
C(27A)-C(28A) 1.386(6) C(36B)-C(37B) 1.396(6) C(6A)-N(1A)-C(4A) 116.0(3)
C(28A)-C(29A) 1.380(6) C(38B)-C(43B) 1.388(5) C(2A)-N(1A)-Ag(1) 99.33(17)
C(29A)-C(30A) 1.367(6) C(38B)-C(39B) 1.401(5) C(6A)-N(1A)-Ag(1) 104.71(18)
C(30A)-C(31A) 1.399(6) C(39B)-C(40B) 1.390(7) C(4A)-N(1A)-Ag(1) 103.35(17)
C(32A)-C(33A) 1.389(5) C(40B)-C(41B) 1.382(8) N(1A)-C(2A)-P(3A) 118.1(2)
C(32A)-C(37A) 1.402(5) C(41B)-C(42B) 1.381(8) C(14A)-P(3A)-C(8A) 103.06(16)
C(33A)-C(34A) 1.388(5) C(42B)-C(43B) 1.384(6) C(14A)-P(3A)-C(2A) 104.49(15)
C(34A)-C(35A) 1.385(6) S(50B)-O(53B) 1.421(4) C(8A)-P(3A)-C(2A) 104.23(15)
C(35A)-C(36A) 1.387(6) S(50B)-O(52B) 1.427(3) C(14A)-P(3A)-Ru(1A) 117.99(12)
C(36A)-C(37A) 1.381(6) S(50B)-O(51B) 1.473(2) C(8A)-P(3A)-Ru(1A) 113.59(11)
C(38A)-C(43A) 1.383(6) S(50B)-C(50B) 1.829(5) C(2A)-P(3A)-Ru(1A) 112.09(10)
C(38A)-C(39A) 1.387(6) C(50B)-F(52B) 1.315(6) N(1A)-C(4A)-P(5A) 117.2(2)
C(39A)-C(40A) 1.398(6) C(50B)-F(53B) 1.320(7) C(26A)-P(5A)-C(20A) 101.15(16)
C(40A)-C(41A) 1.373(8) C(50B)-F(51B) 1.330(5) C(26A)-P(5A)-C(4A) 101.89(15)
C(41A)-C(42A) 1.368(8) C(54B)-O(54B) 1.116(4) C(20A)-P(5A)-C(4A) 105.65(15)
C(42A)-C(43A) 1.385(7) C(55B)-O(55B) 1.123(4) C(26A)-P(5A)-Ru(1A) 122.79(11)
S(50A)-O(53A) 1.421(4) Ag(1)-O(81) 2.348(3) C(20A)-P(5A)-Ru(1A) 112.36(10)
S(50A)-O(52A) 1.427(3) Ag(1)-O(61) 2.352(3) C(4A)-P(5A)-Ru(1A) 111.23(10)
S(50A)-O(51A) 1.480(2) Ag(1)-O(71) 2.380(3) N(1A)-C(6A)-P(7A) 117.4(2)
S(50A)-C(50A) 1.798(5) S(60)-O(62) 1.429(3) C(38A)-P(7A)-C(32A) 101.14(16)
C(50A)-F(53A) 1.301(7) S(60)-O(63) 1.436(3) C(38A)-P(7A)-C(6A) 104.01(16)
C(50A)-F(51A) 1.329(5) S(60)-O(61) 1.458(4) C(32A)-P(7A)-C(6A) 105.47(15)
C(50A)-F(52A) 1.334(7) S(60)-C(60) 1.811(5) C(38A)-P(7A)-Ru(1A) 120.40(13)
C(54A)-O(54A) 1.121(5) C(60)-F(62) 1.312(6) C(32A)-P(7A)-Ru(1A) 113.47(11)
C(55A)-O(55A) 1.112(5) C(60)-F(61) 1.330(6) C(6A)-P(7A)-Ru(1A) 110.87(11)
Ru(1B)-C(54B) 1.955(4) C(60)-F(63) 1.336(6) C(13A)-C(8A)-C(9A) 119.2(4)
Ru(1B)-C(55B) 1.962(3) S(70)-O(73) 1.434(3) C(13A)-C(8A)-P(3A) 120.4(3)
Ru(1B)-O(51B) 2.206(2) S(70)-O(72) 1.436(3) C(9A)-C(8A)-P(3A) 120.3(3)
Ru(1B)-P(3B) 2.3311(8) S(70)-O(71) 1.456(3) C(10A)-C(9A)-C(8A) 119.3(4)
Ru(1B)-P(7B) 2.4071(8) S(70)-C(70) 1.821(5) C(11A)-C(10A)-C(9A) 120.7(4)
Ru(1B)-P(5B) 2.4258(8) C(70)-F(71) 1.319(6) C(12A)-C(11A)-C(10A) 120.7(4)
N(1B)-C(2B) 1.455(4) C(70)-F(73) 1.323(6) C(11A)-C(12A)-C(13A) 119.2(4)
N(1B)-C(4B) 1.456(4) C(70)-F(72) 1.336(5) C(12A)-C(13A)-C(8A) 120.9(4)
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Bond lengths (A˚) and angles (◦) for [Ru(OTf)(CO)2(κ3-NP3Ph)]2[Ag(OTf)3] Continued
C(15A)-C(14A)-C(19A) 118.7(3) C(4B)-N(1B)-C(6B) 116.2(3) O(52B)-S(50B)-O(51B) 114.03(16)
C(15A)-C(14A)-P(3A) 120.7(3) N(1B)-C(2B)-P(3B) 117.2(2) O(53B)-S(50B)-C(50B) 105.1(3)
C(19A)-C(14A)-P(3A) 120.5(3) C(14B)-P(3B)-C(8B) 102.10(17) O(52B)-S(50B)-C(50B) 104.7(2)
C(14A)-C(15A)-C(16A) 120.8(4) C(14B)-P(3B)-C(2B) 105.95(15) O(51B)-S(50B)-C(50B) 99.71(19)
C(17A)-C(16A)-C(15A) 120.0(4) C(8B)-P(3B)-C(2B) 103.77(15) S(50B)-O(51B)-Ru(1B) 128.55(15)
C(16A)-C(17A)-C(18A) 119.5(4) C(14B)-P(3B)-Ru(1B) 117.33(12) F(52B)-C(50B)-F(53B) 108.3(5)
C(17A)-C(18A)-C(19A) 120.7(4) C(8B)-P(3B)-Ru(1B) 114.54(11) F(52B)-C(50B)-F(51B) 108.3(4)
C(18A)-C(19A)-C(14A) 120.1(4) C(2B)-P(3B)-Ru(1B) 111.76(11) F(53B)-C(50B)-F(51B) 109.3(4)
C(21A)-C(20A)-C(25A) 118.9(3) N(1B)-C(4B)-P(5B) 117.3(2) F(52B)-C(50B)-S(50B) 111.6(4)
C(21A)-C(20A)-P(5A) 122.7(3) C(26B)-P(5B)-C(20B) 99.92(16) F(53B)-C(50B)-S(50B) 109.7(3)
C(25A)-C(20A)-P(5A) 118.4(3) C(26B)-P(5B)-C(4B) 102.52(15) F(51B)-C(50B)-S(50B) 109.6(4)
C(22A)-C(21A)-C(20A) 120.4(4) C(20B)-P(5B)-C(4B) 106.59(16) O(54B)-C(54B)-Ru(1B) 176.8(3)
C(23A)-C(22A)-C(21A) 120.0(4) C(26B)-P(5B)-Ru(1B) 123.21(12) O(55B)-C(55B)-Ru(1B) 172.5(3)
C(22A)-C(23A)-C(24A) 120.3(4) C(20B)-P(5B)-Ru(1B) 112.94(11) O(81)-Ag(1)-O(61) 121.52(13)
C(23A)-C(24A)-C(25A) 120.3(4) C(4B)-P(5B)-Ru(1B) 110.06(11) O(81)-Ag(1)-O(71) 115.07(11)
C(24A)-C(25A)-C(20A) 120.1(4) N(1B)-C(6B)-P(7B) 116.4(2) O(61)-Ag(1)-O(71) 117.37(12)
C(31A)-C(26A)-C(27A) 119.4(3) C(38B)-P(7B)-C(32B) 102.13(17) O(81)-Ag(1)-N(1A) 98.74(9)
C(31A)-C(26A)-P(5A) 123.3(3) C(38B)-P(7B)-C(6B) 106.10(15) O(61)-Ag(1)-N(1A) 96.94(10)
C(27A)-C(26A)-P(5A) 117.3(3) C(32B)-P(7B)-C(6B) 105.88(15) O(71)-Ag(1)-N(1A) 99.03(9)
C(28A)-C(27A)-C(26A) 120.3(4) C(38B)-P(7B)-Ru(1B) 118.22(12) O(62)-S(60)-O(63) 115.9(2)
C(29A)-C(28A)-C(27A) 119.9(4) C(32B)-P(7B)-Ru(1B) 112.96(11) O(62)-S(60)-O(61) 114.1(2)
C(30A)-C(29A)-C(28A) 120.4(4) C(6B)-P(7B)-Ru(1B) 110.53(10) O(63)-S(60)-O(61) 113.9(2)
C(29A)-C(30A)-C(31A) 120.4(4) C(13B)-C(8B)-C(9B) 117.6(4) O(62)-S(60)-C(60) 104.9(2)
C(26A)-C(31A)-C(30A) 119.7(4) C(13B)-C(8B)-P(3B) 121.5(3) O(63)-S(60)-C(60) 104.1(2)
C(33A)-C(32A)-C(37A) 119.2(3) C(9B)-C(8B)-P(3B) 120.8(3) O(61)-S(60)-C(60) 101.9(2)
C(33A)-C(32A)-P(7A) 122.6(3) C(10B)-C(9B)-C(8B) 120.9(4) S(60)-O(61)-Ag(1) 121.5(2)
C(37A)-C(32A)-P(7A) 118.1(3) C(11B)-C(10B)-C(9B) 120.5(4) F(62)-C(60)-F(61) 109.0(4)
C(34A)-C(33A)-C(32A) 120.7(3) C(12B)-C(11B)-C(10B) 119.3(4) F(62)-C(60)-F(63) 107.8(4)
C(35A)-C(34A)-C(33A) 119.9(4) C(11B)-C(12B)-C(13B) 120.3(4) F(61)-C(60)-F(63) 107.4(4)
C(34A)-C(35A)-C(36A) 119.7(4) C(8B)-C(13B)-C(12B) 121.3(4) F(62)-C(60)-S(60) 111.4(3)
C(37A)-C(36A)-C(35A) 120.8(4) C(15B)-C(14B)-C(19B) 118.9(3) F(61)-C(60)-S(60) 110.7(4)
C(36A)-C(37A)-C(32A) 119.7(4) C(15B)-C(14B)-P(3B) 120.0(3) F(63)-C(60)-S(60) 110.4(3)
C(43A)-C(38A)-C(39A) 119.1(4) C(19B)-C(14B)-P(3B) 120.9(3) O(73)-S(70)-O(72) 116.2(2)
C(43A)-C(38A)-P(7A) 120.5(3) C(16B)-C(15B)-C(14B) 120.8(4) O(73)-S(70)-O(71) 114.12(19)
C(39A)-C(38A)-P(7A) 120.4(3) C(17B)-C(16B)-C(15B) 119.7(4) O(72)-S(70)-O(71) 113.68(18)
C(38A)-C(39A)-C(40A) 119.6(4) C(16B)-C(17B)-C(18B) 119.7(4) O(73)-S(70)-C(70) 104.2(2)
C(41A)-C(40A)-C(39A) 120.4(5) C(19B)-C(18B)-C(17B) 121.0(4) O(72)-S(70)-C(70) 103.86(19)
C(42A)-C(41A)-C(40A) 120.2(4) C(18B)-C(19B)-C(14B) 119.7(4) O(71)-S(70)-C(70) 102.7(2)
C(41A)-C(42A)-C(43A) 119.9(5) C(21B)-C(20B)-C(25B) 119.3(3) S(70)-O(71)-Ag(1) 116.26(18)
C(38A)-C(43A)-C(42A) 120.8(4) C(21B)-C(20B)-P(5B) 123.4(3) F(71)-C(70)-F(73) 108.5(4)
O(53A)-S(50A)-O(52A) 116.8(2) C(25B)-C(20B)-P(5B) 117.4(3) F(71)-C(70)-F(72) 108.1(4)
O(53A)-S(50A)-O(51A) 112.75(19) C(20B)-C(21B)-C(22B) 120.3(4) F(73)-C(70)-F(72) 107.9(5)
O(52A)-S(50A)-O(51A) 114.63(17) C(21B)-C(22B)-C(23B) 120.3(4) F(71)-C(70)-S(70) 110.9(4)
O(53A)-S(50A)-C(50A) 105.2(3) C(24B)-C(23B)-C(22B) 119.4(4) F(73)-C(70)-S(70) 110.8(3)
O(52A)-S(50A)-C(50A) 104.6(2) C(25B)-C(24B)-C(23B) 120.7(4) F(72)-C(70)-S(70) 110.4(3)
O(51A)-S(50A)-C(50A) 100.5(2) C(24B)-C(25B)-C(20B) 120.0(4) O(83)-S(80)-O(82) 116.61(19)
S(50A)-O(51A)-Ru(1A) 127.62(16) C(31B)-C(26B)-C(27B) 119.6(3) O(83)-S(80)-O(81) 113.56(19)
F(53A)-C(50A)-F(51A) 109.3(5) C(31B)-C(26B)-P(5B) 123.1(3) O(82)-S(80)-O(81) 113.77(19)
F(53A)-C(50A)-F(52A) 107.1(5) C(27B)-C(26B)-P(5B) 117.1(3) O(83)-S(80)-C(80) 103.9(2)
F(51A)-C(50A)-F(52A) 107.8(4) C(28B)-C(27B)-C(26B) 119.6(4) O(82)-S(80)-C(80) 104.8(2)
F(53A)-C(50A)-S(50A) 111.3(4) C(29B)-C(28B)-C(27B) 120.6(4) O(81)-S(80)-C(80) 102.0(2)
F(51A)-C(50A)-S(50A) 110.0(4) C(28B)-C(29B)-C(30B) 120.1(4) S(80)-O(81)-Ag(1) 123.05(19)
F(52A)-C(50A)-S(50A) 111.2(4) C(29B)-C(30B)-C(31B) 120.4(4) F(82)-C(80)-F(81) 108.4(4)
O(54A)-C(54A)-Ru(1A) 175.3(4) C(26B)-C(31B)-C(30B) 119.7(4) F(82)-C(80)-F(83) 107.2(4)
O(55A)-C(55A)-Ru(1A) 172.3(3) C(33B)-C(32B)-C(37B) 118.8(3) F(81)-C(80)-F(83) 107.6(4)
C(54B)-Ru(1B)-C(55B) 91.94(13) C(33B)-C(32B)-P(7B) 122.6(3) F(82)-C(80)-S(80) 111.4(3)
C(54B)-Ru(1B)-O(51B) 91.17(12) C(37B)-C(32B)-P(7B) 118.6(3) F(81)-C(80)-S(80) 111.5(4)
C(55B)-Ru(1B)-O(51B) 84.26(12) C(34B)-C(33B)-C(32B) 120.4(4) F(83)-C(80)-S(80) 110.6(3)
C(54B)-Ru(1B)-P(3B) 87.24(10) C(35B)-C(34B)-C(33B) 120.7(4) C(93)-O(90)-C(91) 112.9(6)
C(55B)-Ru(1B)-P(3B) 97.74(10) C(36B)-C(35B)-C(34B) 119.8(4) O(90)-C(91)-C(92) 107.4(6)
O(51B)-Ru(1B)-P(3B) 177.48(8) C(35B)-C(36B)-C(37B) 120.8(4) O(90)-C(93)-C(94) 111.0(6)
C(54B)-Ru(1B)-P(7B) 94.30(10) C(36B)-C(37B)-C(32B) 119.6(4) C(91’)-O(90’)-C(93’) 114(2)
C(55B)-Ru(1B)-P(7B) 169.10(10) C(43B)-C(38B)-C(39B) 119.3(4) O(90’)-C(91’)-C(92’) 109.0(17)
O(51B)-Ru(1B)-P(7B) 86.68(7) C(43B)-C(38B)-P(7B) 121.6(3) O(90’)-C(93’)-C(94’) 109.4(17)
P(3B)-Ru(1B)-P(7B) 91.49(3) C(39B)-C(38B)-P(7B) 119.0(3) Cl(1)-C(100)-Cl(2) 113.8(5)
C(54B)-Ru(1B)-P(5B) 173.78(10) C(40B)-C(39B)-C(38B) 119.7(4) Cl(3)-C(110)-Cl(4) 111.6(7)
C(55B)-Ru(1B)-P(5B) 88.27(9) C(41B)-C(40B)-C(39B) 120.5(5) Cl(3’)-C(11’)-Cl(4’) 107.7(15)
O(51B)-Ru(1B)-P(5B) 95.04(7) C(42B)-C(41B)-C(40B) 119.5(5)
P(3B)-Ru(1B)-P(5B) 86.57(3) C(41B)-C(42B)-C(43B) 120.9(4)
P(7B)-Ru(1B)-P(5B) 86.49(3) C(42B)-C(43B)-C(38B) 120.0(4)
C(2B)-N(1B)-C(4B) 114.9(3) O(53B)-S(50B)-O(52B) 117.2(2)
C(2B)-N(1B)-C(6B) 116.1(3) O(53B)-S(50B)-O(51B) 113.56(17)
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Bond lengths (A˚) and angles (◦) for Complex 38[BF4]
Ru(1)-C(45) 1.911(4) C(6)-N(1)-C(2) 116.5(3) F(3)-B(1)-F(4) 110.9(4)
Ru(1)-C(44) 1.916(3) N(1)-C(2)-P(3) 116.0(2) F(3)-B(1)-F(1) 110.3(4)
Ru(1)-P(3) 2.3845(9) C(14)-P(3)-C(8) 101.43(15) F(4)-B(1)-F(1) 106.6(3)
Ru(1)-P(5) 2.3855(9) C(14)-P(3)-C(2) 108.89(15) F(3)-B(1)-F(2) 111.1(3)
Ru(1)-P(7) 2.4053(9) C(8)-P(3)-C(2) 102.30(16) F(4)-B(1)-F(2) 110.6(4)
N(1)-C(4) 1.445(4) C(14)-P(3)-Ru(1) 114.65(12) F(1)-B(1)-F(2) 107.3(3)
N(1)-C(6) 1.446(4) C(8)-P(3)-Ru(1) 117.75(11)
N(1)-C(2) 1.448(4) C(2)-P(3)-Ru(1) 110.69(11)
C(2)-P(3) 1.876(3) N(1)-C(4)-P(5) 116.8(2)
P(3)-C(14) 1.817(3) C(26)-P(5)-C(20) 100.08(15)
P(3)-C(8) 1.825(4) C(26)-P(5)-C(4) 99.64(16)
C(4)-P(5) 1.876(3) C(20)-P(5)-C(4) 107.72(16)
P(5)-C(26) 1.825(3) C(26)-P(5)-Ru(1) 123.68(12)
P(5)-C(20) 1.835(3) C(20)-P(5)-Ru(1) 114.61(11)
C(6)-P(7) 1.869(3) C(4)-P(5)-Ru(1) 109.31(11)
P(7)-C(32) 1.824(3) N(1)-C(6)-P(7) 117.2(2)
P(7)-C(38) 1.832(3) C(32)-P(7)-C(38) 100.66(15)
C(8)-C(9) 1.385(5) C(32)-P(7)-C(6) 106.81(15)
C(8)-C(13) 1.391(4) C(38)-P(7)-C(6) 102.50(15)
C(9)-C(10) 1.383(5) C(32)-P(7)-Ru(1) 114.10(11)
C(10)-C(11) 1.375(5) C(38)-P(7)-Ru(1) 122.90(11)
C(11)-C(12) 1.370(5) C(6)-P(7)-Ru(1) 108.37(10)
C(12)-C(13) 1.382(5) C(9)-C(8)-C(13) 117.9(3)
C(14)-C(19) 1.377(5) C(9)-C(8)-P(3) 120.5(3)
C(14)-C(15) 1.398(5) C(13)-C(8)-P(3) 121.5(3)
C(15)-C(16) 1.376(5) C(10)-C(9)-C(8) 121.2(3)
C(16)-C(17) 1.370(5) C(11)-C(10)-C(9) 120.2(4)
C(17)-C(18) 1.374(5) C(12)-C(11)-C(10) 119.3(4)
C(18)-C(19) 1.383(5) C(11)-C(12)-C(13) 120.9(4)
C(20)-C(25) 1.382(4) C(12)-C(13)-C(8) 120.5(4)
C(20)-C(21) 1.384(5) C(19)-C(14)-C(15) 118.5(3)
C(21)-C(22) 1.379(5) C(19)-C(14)-P(3) 124.6(3)
C(22)-C(23) 1.377(5) C(15)-C(14)-P(3) 116.9(3)
C(23)-C(24) 1.370(6) C(16)-C(15)-C(14) 121.2(3)
C(24)-C(25) 1.394(5) C(17)-C(16)-C(15) 119.2(4)
C(26)-C(31) 1.365(5) C(16)-C(17)-C(18) 120.6(4)
C(26)-C(27) 1.388(5) C(17)-C(18)-C(19) 120.2(4)
C(27)-C(28) 1.372(5) C(14)-C(19)-C(18) 120.3(3)
C(28)-C(29) 1.366(6) C(25)-C(20)-C(21) 118.6(3)
C(29)-C(30) 1.366(5) C(25)-C(20)-P(5) 123.7(3)
C(30)-C(31) 1.402(5) C(21)-C(20)-P(5) 117.7(3)
C(32)-C(33) 1.388(5) C(22)-C(21)-C(20) 121.2(4)
C(32)-C(37) 1.394(5) C(23)-C(22)-C(21) 120.0(4)
C(33)-C(34) 1.382(5) C(24)-C(23)-C(22) 119.6(4)
C(34)-C(35) 1.385(5) C(23)-C(24)-C(25) 120.6(4)
C(35)-C(36) 1.379(5) C(20)-C(25)-C(24) 120.1(4)
C(36)-C(37) 1.385(5) C(31)-C(26)-C(27) 118.0(3)
C(38)-C(39) 1.387(4) C(31)-C(26)-P(5) 124.2(3)
C(38)-C(43) 1.388(5) C(27)-C(26)-P(5) 117.8(3)
C(39)-C(40) 1.378(5) C(28)-C(27)-C(26) 121.2(4)
C(40)-C(41) 1.375(5) C(29)-C(28)-C(27) 120.9(4)
C(41)-C(42) 1.369(5) C(28)-C(29)-C(30) 118.7(4)
C(42)-C(43) 1.383(5) C(29)-C(30)-C(31) 120.8(4)
C(44)-O(44) 1.129(4) C(26)-C(31)-C(30) 120.4(4)
C(45)-O(45) 1.131(4) C(33)-C(32)-C(37) 119.0(3)
B(1)-F(3) 1.338(5) C(33)-C(32)-P(7) 125.0(3)
B(1)-F(4) 1.362(5) C(37)-C(32)-P(7) 115.9(3)
B(1)-F(1) 1.378(5) C(34)-C(33)-C(32) 120.4(4)
B(1)-F(2) 1.388(5) C(33)-C(34)-C(35) 120.0(4)
C(36)-C(35)-C(34) 120.3(4)
C(45)-Ru(1)-C(44) 89.20(14) C(35)-C(36)-C(37) 119.6(4)
C(45)-Ru(1)-P(3) 88.31(10) C(36)-C(37)-C(32) 120.6(4)
C(44)-Ru(1)-P(3) 169.12(11) C(39)-C(38)-C(43) 118.5(3)
C(45)-Ru(1)-P(5) 166.98(10) C(39)-C(38)-P(7) 120.7(3)
C(44)-Ru(1)-P(5) 95.06(10) C(43)-C(38)-P(7) 120.8(3)
P(3)-Ru(1)-P(5) 85.20(3) C(40)-C(39)-C(38) 120.9(3)
C(45)-Ru(1)-P(7) 103.52(11) C(41)-C(40)-C(39) 120.0(4)
C(44)-Ru(1)-P(7) 98.15(10) C(42)-C(41)-C(40) 119.7(4)
P(3)-Ru(1)-P(7) 92.73(3) C(41)-C(42)-C(43) 120.7(4)
P(5)-Ru(1)-P(7) 88.08(3) C(42)-C(43)-C(38) 120.0(4)
C(4)-N(1)-C(6) 116.6(3) O(44)-C(44)-Ru(1) 173.8(3)
C(4)-N(1)-C(2) 115.1(3) O(45)-C(45)-Ru(1) 173.7(3)
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Bond lengths (A˚) and angles (◦) for Complex 39
Ru(1A)-C(60A) 1.906(3) P(3B)-C(8B) 1.861(3) C(93’)-C(94’) 1.3900
Ru(1A)-O(51A) 2.1303(19) C(4B)-P(5B) 1.867(3) C(94’)-C(95’) 1.3900
Ru(1A)-O(52A) 2.132(2) P(5B)-C(26B) 1.829(3) C(95’)-C(96’) 1.3900
Ru(1A)-P(5A) 2.2985(7) P(5B)-C(20B) 1.832(3) C(100)-C(101) 1.553(11)
Ru(1A)-P(7A) 2.3007(7) C(6B)-P(7B) 1.865(3) C(101)-C(102) 1.3900
Ru(1A)-P(3A) 2.4018(7) P(7B)-C(38B) 1.825(4) C(101)-C(106) 1.3900
Ru(1A)-C(50A) 2.537(3) P(7B)-C(32B) 1.836(3) C(102)-C(103) 1.3900
N(1A)-C(2A) 1.449(4) C(8B)-C(9B) 1.3900 C(103)-C(104) 1.3900
N(1A)-C(4A) 1.453(4) C(8B)-C(13B) 1.3900 C(104)-C(105) 1.3900
N(1A)-C(6A) 1.454(4) C(9B)-C(10B) 1.3900 C(105)-C(106) 1.3900
C(2A)-P(3A) 1.871(3) C(10B)-C(11B) 1.3900 C(110)-C(111) 1.534(15)
P(3A)-C(8A) 1.833(3) C(11B)-C(12B) 1.3900 C(111)-C(112) 1.3900
P(3A)-C(14A) 1.838(3) C(12B)-C(13B) 1.3900 C(111)-C(116) 1.3900
C(4A)-P(5A) 1.868(3) C(8”)-C(9”) 1.3900 C(112)-C(113) 1.3900
P(5A)-C(26A) 1.825(3) C(8”)-C(13”) 1.3900 C(113)-C(114) 1.3900
P(5A)-C(20A) 1.833(3) C(9”)-C(10”) 1.3900 C(114)-C(115) 1.3900
C(6A)-P(7A) 1.868(3) C(10”)-C(11”) 1.3900 C(115)-C(116) 1.3900
P(7A)-C(38A) 1.828(3) C(11”)-C(12”) 1.3900
P(7A)-C(32A) 1.835(3) C(12”)-C(13”) 1.3900 C(60A)-Ru(1A)-O(51A) 90.75(11)
C(8A)-C(9A) 1.379(5) C(14B)-C(19B) 1.382(5) C(60A)-Ru(1A)-O(52A) 88.59(11)
C(8A)-C(13A) 1.399(5) C(14B)-C(15B) 1.391(5) O(51A)-Ru(1A)-O(52A) 62.07(8)
C(9A)-C(10A) 1.387(5) C(15B)-C(16B) 1.390(5) C(60A)-Ru(1A)-P(5A) 93.07(10)
C(10A)-C(11A) 1.386(6) C(16B)-C(17B) 1.372(7) O(51A)-Ru(1A)-P(5A) 101.62(6)
C(11A)-C(12A) 1.375(6) C(17B)-C(18B) 1.358(6) O(52A)-Ru(1A)-P(5A) 163.65(6)
C(12A)-C(13A) 1.387(5) C(18B)-C(19B) 1.398(5) C(60A)-Ru(1A)-P(7A) 88.13(10)
C(14A)-C(19A) 1.382(5) C(20B)-C(21B) 1.381(5) O(51A)-Ru(1A)-P(7A) 167.86(6)
C(14A)-C(15A) 1.391(4) C(20B)-C(25B) 1.403(5) O(52A)-Ru(1A)-P(7A) 105.81(6)
C(15A)-C(16A) 1.385(5) C(21B)-C(22B) 1.399(5) P(5A)-Ru(1A)-P(7A) 90.51(3)
C(16A)-C(17A) 1.382(6) C(22B)-C(23B) 1.376(7) C(60A)-Ru(1A)-P(3A) 173.56(10)
C(17A)-C(18A) 1.376(5) C(23B)-C(24B) 1.381(8) O(51A)-Ru(1A)-P(3A) 94.33(6)
C(18A)-C(19A) 1.400(5) C(24B)-C(25B) 1.376(7) O(52A)-Ru(1A)-P(3A) 90.30(6)
C(20A)-C(21A) 1.373(5) C(26B)-C(31B) 1.380(5) P(5A)-Ru(1A)-P(3A) 89.79(2)
C(20A)-C(25A) 1.396(5) C(26B)-C(27B) 1.399(5) P(7A)-Ru(1A)-P(3A) 86.07(2)
C(21A)-C(22A) 1.401(4) C(27B)-C(28B) 1.384(5) C(60A)-Ru(1A)-C(50A) 87.83(12)
C(22A)-C(23A) 1.368(6) C(28B)-C(29B) 1.386(6) O(51A)-Ru(1A)-C(50A) 31.13(9)
C(23A)-C(24A) 1.389(8) C(29B)-C(30B) 1.361(6) O(52A)-Ru(1A)-C(50A) 31.03(9)
C(24A)-C(25A) 1.384(6) C(30B)-C(31B) 1.395(5) P(5A)-Ru(1A)-C(50A) 132.73(7)
C(26A)-C(31A) 1.382(5) C(32B)-C(37B) 1.375(5) P(7A)-Ru(1A)-C(50A) 136.73(7)
C(26A)-C(27A) 1.404(5) C(32B)-C(33B) 1.389(6) P(3A)-Ru(1A)-C(50A) 94.48(7)
C(27A)-C(28A) 1.377(6) C(33B)-C(34B) 1.391(6) C(2A)-N(1A)-C(4A) 116.1(3)
C(28A)-C(29A) 1.389(8) C(34B)-C(35B) 1.388(9) C(2A)-N(1A)-C(6A) 116.1(2)
C(29A)-C(30A) 1.364(8) C(35B)-C(36B) 1.353(9) C(4A)-N(1A)-C(6A) 115.4(2)
C(30A)-C(31A) 1.385(6) C(36B)-C(37B) 1.384(6) N(1A)-C(2A)-P(3A) 117.08(19)
C(32A)-C(37A) 1.378(5) C(38B)-C(43B) 1.380(6) C(8A)-P(3A)-C(14A) 99.30(13)
C(32A)-C(33A) 1.384(5) C(38B)-C(39B) 1.393(6) C(8A)-P(3A)-C(2A) 107.36(14)
C(33A)-C(34A) 1.385(5) C(39B)-C(40B) 1.385(8) C(14A)-P(3A)-C(2A) 103.02(14)
C(34A)-C(35A) 1.373(7) C(40B)-C(41B) 1.362(11) C(8A)-P(3A)-Ru(1A) 113.50(9)
C(35A)-C(36A) 1.382(6) C(41B)-C(42B) 1.359(10) C(14A)-P(3A)-Ru(1A) 123.73(10)
C(36A)-C(37A) 1.381(5) C(42B)-C(43B) 1.395(6) C(2A)-P(3A)-Ru(1A) 108.51(9)
C(38A)-C(43A) 1.391(4) C(50B)-O(53B) 1.237(4) N(1A)-C(4A)-P(5A) 114.6(2)
C(38A)-C(39A) 1.395(5) C(50B)-O(51B) 1.302(4) C(26A)-P(5A)-C(20A) 99.74(15)
C(39A)-C(40A) 1.385(5) C(50B)-O(52B) 1.315(4) C(26A)-P(5A)-C(4A) 108.70(15)
C(40A)-C(41A) 1.400(6) C(60B)-O(60B) 1.135(4) C(20A)-P(5A)-C(4A) 101.14(15)
C(41A)-C(42A) 1.375(6) C(70)-Cl(71) 1.718(5) C(26A)-P(5A)-Ru(1A) 116.36(10)
C(42A)-C(43A) 1.392(5) C(70)-Cl(72) 1.752(6) C(20A)-P(5A)-Ru(1A) 116.63(11)
C(50A)-O(53A) 1.240(4) C(75)-Cl(77) 1.739(15) C(4A)-P(5A)-Ru(1A) 112.56(10)
C(50A)-O(52A) 1.309(4) C(75)-Cl(76) 1.748(15) N(1A)-C(6A)-P(7A) 115.6(2)
C(50A)-O(51A) 1.313(4) C(80)-Cl(81) 1.671(9) C(38A)-P(7A)-C(32A) 100.48(14)
C(60A)-O(60A) 1.134(4) C(80)-Cl(82) 1.688(9) C(38A)-P(7A)-C(6A) 103.74(14)
Ru(1B)-C(60B) 1.905(3) C(85)-Cl(87) 1.731(9) C(32A)-P(7A)-C(6A) 104.49(14)
Ru(1B)-O(52B) 2.124(2) C(85)-Cl(86) 1.761(10) C(38A)-P(7A)-Ru(1A) 117.75(10)
Ru(1B)-O(51B) 2.1265(19) C(90)-C(91) 1.473(11) C(32A)-P(7A)-Ru(1A) 116.32(10)
Ru(1B)-P(5B) 2.2872(8) C(91)-C(92) 1.3900 C(6A)-P(7A)-Ru(1A) 112.30(10)
Ru(1B)-P(7B) 2.2986(7) C(91)-C(96) 1.3900 C(9A)-C(8A)-C(13A) 118.6(3)
Ru(1B)-P(3B) 2.4188(7) C(92)-C(93) 1.3900 C(9A)-C(8A)-P(3A) 124.6(2)
Ru(1B)-C(50B) 2.537(3) C(93)-C(94) 1.3900 C(13A)-C(8A)-P(3A) 116.8(2)
N(1B)-C(6B) 1.437(5) C(94)-C(95) 1.3900 C(8A)-C(9A)-C(10A) 120.9(4)
N(1B)-C(4B) 1.460(4) C(95)-C(96) 1.3900 C(11A)-C(10A)-C(9A) 120.1(4)
N(1B)-C(2B) 1.463(4) C(90’)-C(91’) 1.503(15) C(12A)-C(11A)-C(10A) 119.8(3)
C(2B)-P(3B) 1.863(3) C(91’)-C(92’) 1.3900 C(11A)-C(12A)-C(13A) 120.2(4)
P(3B)-C(8”) 1.832(5) C(91’)-C(96’) 1.3900 C(12A)-C(13A)-C(8A) 120.5(3)
P(3B)-C(14B) 1.840(3) C(92’)-C(93’) 1.3900 C(19A)-C(14A)-C(15A) 119.2(3)
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Bond lengths (A˚) and angles (◦) for Complex 39 Continued
C(19A)-C(14A)-P(3A) 121.2(2) N(1B)-C(2B)-P(3B) 116.4(2) C(43B)-C(38B)-C(39B) 118.8(4)
C(15A)-C(14A)-P(3A) 119.6(2) C(8”)-P(3B)-C(14B) 100.3(3) C(43B)-C(38B)-P(7B) 120.3(3)
C(16A)-C(15A)-C(14A) 120.6(3) C(14B)-P(3B)-C(8B) 100.96(18) C(39B)-C(38B)-P(7B) 120.8(4)
C(17A)-C(16A)-C(15A) 120.0(3) C(8”)-P(3B)-C(2B) 111.0(3) C(40B)-C(39B)-C(38B) 119.3(6)
C(18A)-C(17A)-C(16A) 120.0(3) C(14B)-P(3B)-C(2B) 102.75(15) C(41B)-C(40B)-C(39B) 121.6(6)
C(17A)-C(18A)-C(19A) 120.2(3) C(8B)-P(3B)-C(2B) 103.7(2) C(42B)-C(41B)-C(40B) 119.6(5)
C(14A)-C(19A)-C(18A) 120.1(3) C(8”)-P(3B)-Ru(1B) 112.0(3) C(41B)-C(42B)-C(43B) 120.2(6)
C(21A)-C(20A)-C(25A) 119.4(3) C(14B)-P(3B)-Ru(1B) 122.86(10) C(38B)-C(43B)-C(42B) 120.5(5)
C(21A)-C(20A)-P(5A) 122.7(2) C(8B)-P(3B)-Ru(1B) 116.91(15) O(53B)-C(50B)-O(51B) 123.7(3)
C(25A)-C(20A)-P(5A) 117.8(3) C(2B)-P(3B)-Ru(1B) 107.40(9) O(53B)-C(50B)-O(52B) 122.6(3)
C(20A)-C(21A)-C(22A) 120.7(3) N(1B)-C(4B)-P(5B) 113.7(2) O(51B)-C(50B)-O(52B) 113.7(3)
C(23A)-C(22A)-C(21A) 119.8(4) C(26B)-P(5B)-C(20B) 100.28(15) O(53B)-C(50B)-Ru(1B) 178.8(3)
C(22A)-C(23A)-C(24A) 119.7(4) C(26B)-P(5B)-C(4B) 107.47(15) O(51B)-C(50B)-Ru(1B) 56.90(14)
C(25A)-C(24A)-C(23A) 120.8(4) C(20B)-P(5B)-C(4B) 101.79(16) O(52B)-C(50B)-Ru(1B) 56.81(15)
C(24A)-C(25A)-C(20A) 119.5(4) C(26B)-P(5B)-Ru(1B) 115.86(11) C(50B)-O(51B)-Ru(1B) 92.24(17)
C(31A)-C(26A)-C(27A) 118.8(3) C(20B)-P(5B)-Ru(1B) 117.17(12) C(50B)-O(52B)-Ru(1B) 91.98(18)
C(31A)-C(26A)-P(5A) 124.9(3) C(4B)-P(5B)-Ru(1B) 112.62(11) O(60B)-C(60B)-Ru(1B) 178.6(3)
C(27A)-C(26A)-P(5A) 116.3(3) N(1B)-C(6B)-P(7B) 116.0(2) Cl(71)-C(70)-Cl(72) 114.7(3)
C(28A)-C(27A)-C(26A) 120.4(4) C(38B)-P(7B)-C(32B) 99.81(15) Cl(77)-C(75)-Cl(76) 113.2(13)
C(27A)-C(28A)-C(29A) 119.7(4) C(38B)-P(7B)-C(6B) 104.42(17) Cl(81)-C(80)-Cl(82) 119.4(9)
C(30A)-C(29A)-C(28A) 120.2(4) C(32B)-P(7B)-C(6B) 105.59(15) Cl(87)-C(85)-Cl(86) 113.0(11)
C(29A)-C(30A)-C(31A) 120.6(5) C(38B)-P(7B)-Ru(1B) 116.44(12) C(92)-C(91)-C(96) 120.0
C(26A)-C(31A)-C(30A) 120.3(4) C(32B)-P(7B)-Ru(1B) 117.58(11) C(92)-C(91)-C(90) 119.9(5)
C(37A)-C(32A)-C(33A) 119.2(3) C(6B)-P(7B)-Ru(1B) 111.44(11) C(96)-C(91)-C(90) 120.1(5)
C(37A)-C(32A)-P(7A) 121.3(2) C(9B)-C(8B)-C(13B) 120.0 C(93)-C(92)-C(91) 120.0
C(33A)-C(32A)-P(7A) 119.4(3) C(9B)-C(8B)-P(3B) 122.5(3) C(92)-C(93)-C(94) 120.0
C(32A)-C(33A)-C(34A) 120.2(4) C(13B)-C(8B)-P(3B) 117.4(3) C(95)-C(94)-C(93) 120.0
C(35A)-C(34A)-C(33A) 120.5(4) C(10B)-C(9B)-C(8B) 120.0 C(94)-C(95)-C(96) 120.0
C(34A)-C(35A)-C(36A) 119.2(4) C(9B)-C(10B)-C(11B) 120.0 C(95)-C(96)-C(91) 120.0
C(37A)-C(36A)-C(35A) 120.5(4) C(12B)-C(11B)-C(10B) 120.0 C(92’)-C(91’)-C(96’) 120.0
C(32A)-C(37A)-C(36A) 120.3(3) C(11B)-C(12B)-C(13B) 120.0 C(92’)-C(91’)-C(90’) 117.1(7)
C(43A)-C(38A)-C(39A) 119.4(3) C(12B)-C(13B)-C(8B) 120.0 C(96’)-C(91’)-C(90’) 120.8(7)
C(43A)-C(38A)-P(7A) 120.9(2) C(9”)-C(8”)-C(13”) 120.0 C(91’)-C(92’)-C(93’) 120.0
C(39A)-C(38A)-P(7A) 119.6(3) C(9”)-C(8”)-P(3B) 123.5(4) C(94’)-C(93’)-C(92’) 120.0
C(40A)-C(39A)-C(38A) 120.5(4) C(13”)-C(8”)-P(3B) 116.5(4) C(93’)-C(94’)-C(95’) 120.0
C(39A)-C(40A)-C(41A) 119.8(3) C(8”)-C(9”)-C(10”) 120.0 C(96’)-C(95’)-C(94’) 120.0
C(42A)-C(41A)-C(40A) 119.6(3) C(11”)-C(10”)-C(9”) 120.0 C(95’)-C(96’)-C(91’) 120.0
C(41A)-C(42A)-C(43A) 120.9(4) C(10”)-C(11”)-C(12”) 120.0 C(102)-C(101)-C(106) 120.0
C(38A)-C(43A)-C(42A) 119.8(3) C(11”)-C(12”)-C(13”) 120.0 C(102)-C(101)-C(100) 120.7(5)
O(53A)-C(50A)-O(52A) 123.1(3) C(12”)-C(13”)-C(8”) 120.0 C(106)-C(101)-C(100) 119.2(5)
O(53A)-C(50A)-O(51A) 123.0(3) C(19B)-C(14B)-C(15B) 118.4(3) C(103)-C(102)-C(101) 120.0
O(52A)-C(50A)-O(51A) 113.9(3) C(19B)-C(14B)-P(3B) 121.2(3) C(104)-C(103)-C(102) 120.0
O(53A)-C(50A)-Ru(1A) 174.9(3) C(15B)-C(14B)-P(3B) 120.4(3) C(103)-C(104)-C(105) 120.0
O(52A)-C(50A)-Ru(1A) 57.11(14) C(16B)-C(15B)-C(14B) 120.8(4) C(106)-C(105)-C(104) 120.0
O(51A)-C(50A)-Ru(1A) 57.05(14) C(17B)-C(16B)-C(15B) 120.0(4) C(105)-C(106)-C(101) 120.0
C(50A)-O(51A)-Ru(1A) 91.82(16) C(18B)-C(17B)-C(16B) 119.7(3) C(112)-C(111)-C(116) 120.0
C(50A)-O(52A)-Ru(1A) 91.86(17) C(17B)-C(18B)-C(19B) 121.2(4) C(112)-C(111)-C(110) 119.6(7)
O(60A)-C(60A)-Ru(1A) 176.1(3) C(14B)-C(19B)-C(18B) 119.9(4) C(116)-C(111)-C(110) 120.1(7)
C(60B)-Ru(1B)-O(52B) 89.49(12) C(21B)-C(20B)-C(25B) 119.1(3) C(113)-C(112)-C(111) 120.0
C(60B)-Ru(1B)-O(51B) 89.95(12) C(21B)-C(20B)-P(5B) 122.0(3) C(112)-C(113)-C(114) 120.0
O(52B)-Ru(1B)-O(51B) 62.08(8) C(25B)-C(20B)-P(5B) 118.9(3) C(115)-C(114)-C(113) 120.0
C(60B)-Ru(1B)-P(5B) 90.44(11) C(20B)-C(21B)-C(22B) 120.3(4) C(116)-C(115)-C(114) 120.0
O(52B)-Ru(1B)-P(5B) 165.88(6) C(23B)-C(22B)-C(21B) 119.9(4) C(115)-C(116)-C(111) 120.0
O(51B)-Ru(1B)-P(5B) 103.80(6) C(22B)-C(23B)-C(24B) 120.0(4)
C(60B)-Ru(1B)-P(7B) 91.62(10) C(25B)-C(24B)-C(23B) 120.6(5)
O(52B)-Ru(1B)-P(7B) 104.51(6) C(24B)-C(25B)-C(20B) 120.1(5)
O(51B)-Ru(1B)-P(7B) 166.49(6) C(31B)-C(26B)-C(27B) 119.2(3)
P(5B)-Ru(1B)-P(7B) 89.61(3) C(31B)-C(26B)-P(5B) 125.0(2)
C(60B)-Ru(1B)-P(3B) 177.54(11) C(27B)-C(26B)-P(5B) 115.7(3)
O(52B)-Ru(1B)-P(3B) 90.86(6) C(28B)-C(27B)-C(26B) 120.1(4)
O(51B)-Ru(1B)-P(3B) 92.36(6) C(27B)-C(28B)-C(29B) 120.0(4)
P(5B)-Ru(1B)-P(3B) 89.81(3) C(30B)-C(29B)-C(28B) 120.0(3)
P(7B)-Ru(1B)-P(3B) 85.94(3) C(29B)-C(30B)-C(31B) 120.6(4)
C(60B)-Ru(1B)-C(50B) 89.71(12) C(26B)-C(31B)-C(30B) 120.0(3)
O(52B)-Ru(1B)-C(50B) 31.21(10) C(37B)-C(32B)-C(33B) 119.2(3)
O(51B)-Ru(1B)-C(50B) 30.87(10) C(37B)-C(32B)-P(7B) 123.8(3)
P(5B)-Ru(1B)-C(50B) 134.66(8) C(33B)-C(32B)-P(7B) 116.9(3)
P(7B)-Ru(1B)-C(50B) 135.70(8) C(32B)-C(33B)-C(34B) 120.0(5)
P(3B)-Ru(1B)-C(50B) 91.85(7) C(35B)-C(34B)-C(33B) 119.4(5)
C(6B)-N(1B)-C(4B) 115.4(3) C(36B)-C(35B)-C(34B) 120.4(4)
C(6B)-N(1B)-C(2B) 115.8(3) C(35B)-C(36B)-C(37B) 120.4(5)
C(4B)-N(1B)-C(2B) 115.0(3) C(32B)-C(37B)-C(36B) 120.5(4)
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Bond lengths (A˚) and angles (◦) for Complex 40
Ru-C(50) 1.881(3) C(26)-P(5)-C(4) 104.44(11)
Ru-P(3) 2.3337(6) C(20)-P(5)-C(4) 102.48(11)
Ru-P(5) 2.3359(6) C(26)-P(5)-Ru 118.66(8)
Ru-P(7) 2.3532(6) C(20)-P(5)-Ru 121.48(8)
N(1)-C(2) 1.450(3) C(4)-P(5)-Ru 108.70(8)
N(1)-C(6) 1.457(3) N(1)-C(6)-P(7) 114.05(17)
N(1)-C(4) 1.460(3) C(38)-P(7)-C(32) 98.68(11)
C(2)-P(3) 1.884(2) C(38)-P(7)-C(6) 105.14(12)
P(3)-C(14) 1.834(3) C(32)-P(7)-C(6) 103.33(12)
P(3)-C(8) 1.845(3) C(38)-P(7)-Ru 119.30(8)
C(4)-P(5) 1.878(2) C(32)-P(7)-Ru 119.31(8)
P(5)-C(26) 1.830(3) C(6)-P(7)-Ru 109.13(8)
P(5)-C(20) 1.851(3) C(9)-C(8)-C(13) 118.9(2)
C(6)-P(7) 1.870(3) C(9)-C(8)-P(3) 120.7(2)
P(7)-C(38) 1.835(3) C(13)-C(8)-P(3) 120.4(2)
P(7)-C(32) 1.844(3) C(8)-C(9)-C(10) 120.2(3)
C(8)-C(9) 1.385(4) C(11)-C(10)-C(9) 120.8(3)
C(8)-C(13) 1.397(4) C(12)-C(11)-C(10) 119.5(3)
C(9)-C(10) 1.391(4) C(11)-C(12)-C(13) 120.2(3)
C(10)-C(11) 1.381(4) C(12)-C(13)-C(8) 120.4(3)
C(11)-C(12) 1.377(5) C(19)-C(14)-C(15) 118.3(2)
C(12)-C(13) 1.394(4) C(19)-C(14)-P(3) 124.7(2)
C(14)-C(19) 1.394(4) C(15)-C(14)-P(3) 116.91(19)
C(14)-C(15) 1.395(4) C(16)-C(15)-C(14) 121.1(3)
C(15)-C(16) 1.376(4) C(15)-C(16)-C(17) 120.2(3)
C(16)-C(17) 1.378(4) C(16)-C(17)-C(18) 119.5(3)
C(17)-C(18) 1.383(5) C(17)-C(18)-C(19) 120.6(3)
C(18)-C(19) 1.384(4) C(18)-C(19)-C(14) 120.3(3)
C(20)-C(21) 1.389(4) C(21)-C(20)-C(25) 118.7(2)
C(20)-C(25) 1.396(4) C(21)-C(20)-P(5) 120.7(2)
C(21)-C(22) 1.390(4) C(25)-C(20)-P(5) 120.6(2)
C(22)-C(23) 1.381(4) C(20)-C(21)-C(22) 120.7(3)
C(23)-C(24) 1.385(4) C(23)-C(22)-C(21) 120.1(3)
C(24)-C(25) 1.385(4) C(22)-C(23)-C(24) 119.7(3)
C(26)-C(31) 1.386(4) C(23)-C(24)-C(25) 120.3(3)
C(26)-C(27) 1.392(3) C(24)-C(25)-C(20) 120.4(3)
C(27)-C(28) 1.386(4) C(31)-C(26)-C(27) 118.7(2)
C(28)-C(29) 1.376(4) C(31)-C(26)-P(5) 116.37(19)
C(29)-C(30) 1.384(4) C(27)-C(26)-P(5) 124.89(19)
C(30)-C(31) 1.382(4) C(28)-C(27)-C(26) 120.2(2)
C(32)-C(37) 1.381(4) C(29)-C(28)-C(27) 120.7(3)
C(32)-C(33) 1.400(4) C(28)-C(29)-C(30) 119.4(3)
C(33)-C(34) 1.387(4) C(31)-C(30)-C(29) 120.2(3)
C(34)-C(35) 1.392(5) C(30)-C(31)-C(26) 120.8(3)
C(35)-C(36) 1.379(5) C(37)-C(32)-C(33) 119.2(3)
C(36)-C(37) 1.395(4) C(37)-C(32)-P(7) 121.07(19)
C(38)-C(39) 1.390(4) C(33)-C(32)-P(7) 119.7(2)
C(38)-C(43) 1.390(4) C(34)-C(33)-C(32) 120.0(3)
C(39)-C(40) 1.388(4) C(33)-C(34)-C(35) 120.5(3)
C(40)-C(41) 1.368(5) C(36)-C(35)-C(34) 119.4(3)
C(41)-C(42) 1.394(5) C(35)-C(36)-C(37) 120.4(3)
C(42)-C(43) 1.378(4) C(32)-C(37)-C(36) 120.4(3)
C(50)-O(50) 1.140(3) C(39)-C(38)-C(43) 118.7(3)
C(39)-C(38)-P(7) 124.9(2)
C(50)-Ru-P(3) 99.99(8) C(43)-C(38)-P(7) 116.4(2)
C(50)-Ru-P(5) 99.47(8) C(40)-C(39)-C(38) 120.0(3)
P(3)-Ru-P(5) 88.95(2) C(41)-C(40)-C(39) 121.1(3)
C(50)-Ru-P(7) 166.97(8) C(40)-C(41)-C(42) 119.2(3)
P(3)-Ru-P(7) 90.48(2) C(43)-C(42)-C(41) 120.0(3)
P(5)-Ru-P(7) 88.36(2) C(42)-C(43)-C(38) 121.0(3)
C(2)-N(1)-C(6) 115.4(2) O(50)-C(50)-Ru 176.0(2)
C(2)-N(1)-C(4) 116.04(19)
C(6)-N(1)-C(4) 115.0(2)
N(1)-C(2)-P(3) 115.40(17)
C(14)-P(3)-C(8) 97.79(11)
C(14)-P(3)-C(2) 103.79(12)
C(8)-P(3)-C(2) 103.35(11)
C(14)-P(3)-Ru 119.06(8)
C(8)-P(3)-Ru 121.51(8)
C(2)-P(3)-Ru 109.00(8)
N(1)-C(4)-P(5) 115.06(15)
C(26)-P(5)-C(20) 98.82(11)
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Bond lengths (A˚) and angles (◦) for Complex 41
Ru(1A)-N(50A) 2.093(3) Ru(1B)-P(5B) 2.3210(11) P(20’)-F(25’) 1.589(12)
Ru(1A)-N(47A) 2.098(3) N(1B)-C(6B) 1.438(6) P(30)-F(33) 1.557(4)
Ru(1A)-N(44A) 2.107(3) N(1B)-C(4B) 1.444(5) P(30)-F(34) 1.564(3)
Ru(1A)-P(5A) 2.3129(10) N(1B)-C(2B) 1.445(5) P(30)-F(32) 1.573(4)
Ru(1A)-P(3A) 2.3192(11) C(2B)-P(3B) 1.864(4) P(30)-F(36) 1.576(4)
Ru(1A)-P(7A) 2.3271(10) P(3B)-C(14B) 1.836(5) P(30)-F(31) 1.602(3)
N(1A)-C(4A) 1.433(5) P(3B)-C(8B) 1.841(4) P(30)-F(35) 1.607(4)
N(1A)-C(6A) 1.438(5) C(4B)-P(5B) 1.871(4) P(40)-F(41) 1.505(5)
N(1A)-C(2A) 1.447(5) P(5B)-C(26B) 1.827(4) P(40)-F(42) 1.555(5)
C(2A)-P(3A) 1.888(4) P(5B)-C(20B) 1.837(4) P(40)-F(45) 1.571(5)
P(3A)-C(14A) 1.835(4) C(6B)-P(7B) 1.880(4) P(40)-F(46) 1.572(5)
P(3A)-C(8A) 1.836(4) P(7B)-C(32B) 1.834(4) P(40)-F(44) 1.578(4)
C(4A)-P(5A) 1.873(4) P(7B)-C(38B) 1.837(4) P(40)-F(43) 1.595(6)
P(5A)-C(26A) 1.828(4) C(8B)-C(13B) 1.376(7)
P(5A)-C(20C) 1.840(10) C(8B)-C(9B) 1.409(7) N(50A)-Ru(1A)-N(47A) 86.54(13)
P(5A)-C(20A) 1.848(3) C(9B)-C(10B) 1.379(7) N(50A)-Ru(1A)-N(44A) 83.64(12)
C(6A)-P(7A) 1.872(4) C(10B)-C(11B) 1.399(9) N(47A)-Ru(1A)-N(44A) 85.07(13)
P(7A)-C(38A) 1.836(4) C(11B)-C(12B) 1.355(9) N(50A)-Ru(1A)-P(5A) 87.82(9)
P(7A)-C(32A) 1.847(4) C(12B)-C(13B) 1.390(7) N(47A)-Ru(1A)-P(5A) 174.19(10)
C(8A)-C(13A) 1.393(6) C(14B)-C(15B) 1.377(7) N(44A)-Ru(1A)-P(5A) 92.93(9)
C(8A)-C(9A) 1.396(6) C(14B)-C(19B) 1.391(6) N(50A)-Ru(1A)-P(3A) 98.15(10)
C(9A)-C(10A) 1.384(6) C(15B)-C(16B) 1.381(7) N(47A)-Ru(1A)-P(3A) 90.27(9)
C(10A)-C(11A) 1.376(8) C(16B)-C(17B) 1.384(8) N(44A)-Ru(1A)-P(3A) 174.91(9)
C(11A)-C(12A) 1.356(8) C(17B)-C(18B) 1.361(8) P(5A)-Ru(1A)-P(3A) 91.90(4)
C(12A)-C(13A) 1.397(6) C(18B)-C(19B) 1.379(7) N(50A)-Ru(1A)-P(7A) 173.93(9)
C(14A)-C(15A) 1.376(6) C(20B)-C(21B) 1.382(6) N(47A)-Ru(1A)-P(7A) 97.13(9)
C(14A)-C(19A) 1.393(6) C(20B)-C(25B) 1.385(6) N(44A)-Ru(1A)-P(7A) 91.84(9)
C(15A)-C(16A) 1.401(6) C(21B)-C(22B) 1.383(7) P(5A)-Ru(1A)-P(7A) 88.37(3)
C(16A)-C(17A) 1.376(6) C(22B)-C(23B) 1.390(8) P(3A)-Ru(1A)-P(7A) 86.70(4)
C(17A)-C(18A) 1.368(6) C(23B)-C(24B) 1.362(8) C(4A)-N(1A)-C(6A) 115.9(3)
C(18A)-C(19A) 1.383(6) C(24B)-C(25B) 1.375(7) C(4A)-N(1A)-C(2A) 116.5(3)
C(20A)-C(21A) 1.3900 C(26B)-C(27B) 1.374(6) C(6A)-N(1A)-C(2A) 114.8(3)
C(20A)-C(25A) 1.3900 C(26B)-C(31B) 1.404(6) N(1A)-C(2A)-P(3A) 115.1(3)
C(21A)-C(22A) 1.3900 C(27B)-C(28B) 1.389(6) C(14A)-P(3A)-C(8A) 97.80(17)
C(22A)-C(23A) 1.3900 C(28B)-C(29B) 1.374(7) C(14A)-P(3A)-C(2A) 103.96(17)
C(23A)-C(24A) 1.3900 C(29B)-C(30B) 1.382(7) C(8A)-P(3A)-C(2A) 105.98(19)
C(24A)-C(25A) 1.3900 C(30B)-C(31B) 1.392(6) C(14A)-P(3A)-Ru(1A) 121.94(14)
C(20C)-C(21C) 1.3900 C(32B)-C(33B) 1.384(6) C(8A)-P(3A)-Ru(1A) 114.74(13)
C(20C)-C(25C) 1.3900 C(32B)-C(37B) 1.394(6) C(2A)-P(3A)-Ru(1A) 110.63(13)
C(21C)-C(22C) 1.3900 C(33B)-C(34B) 1.379(6) N(1A)-C(4A)-P(5A) 116.1(3)
C(22C)-C(23C) 1.3900 C(34B)-C(35B) 1.356(8) C(26A)-P(5A)-C(20C) 101.7(6)
C(23C)-C(24C) 1.3900 C(35B)-C(36B) 1.375(8) C(26A)-P(5A)-C(20A) 100.9(2)
C(24C)-C(25C) 1.3900 C(36B)-C(37B) 1.376(7) C(26A)-P(5A)-C(4A) 108.67(19)
C(26A)-C(27A) 1.383(6) C(38B)-C(39B) 1.371(7) C(20C)-P(5A)-C(4A) 97.6(6)
C(26A)-C(31A) 1.393(6) C(38B)-C(43B) 1.390(7) C(20A)-P(5A)-C(4A) 104.5(2)
C(27A)-C(28A) 1.388(7) C(39B)-C(40B) 1.404(7) C(26A)-P(5A)-Ru(1A) 114.88(13)
C(28A)-C(29A) 1.375(8) C(40B)-C(41B) 1.374(9) C(20C)-P(5A)-Ru(1A) 120.8(5)
C(29A)-C(30A) 1.358(7) C(41B)-C(42B) 1.348(9) C(20A)-P(5A)-Ru(1A) 115.60(17)
C(30A)-C(31A) 1.404(7) C(42B)-C(43B) 1.389(8) C(4A)-P(5A)-Ru(1A) 111.33(13)
C(32A)-C(37A) 1.389(6) N(44B)-C(45B) 1.126(5) N(1A)-C(6A)-P(7A) 116.6(3)
C(32A)-C(33A) 1.391(6) C(45B)-C(46B) 1.458(6) C(38A)-P(7A)-C(32A) 98.01(18)
C(33A)-C(34A) 1.389(6) N(47B)-C(48B) 1.135(5) C(38A)-P(7A)-C(6A) 103.34(18)
C(34A)-C(35A) 1.383(7) C(48B)-C(49B) 1.454(6) C(32A)-P(7A)-C(6A) 105.46(17)
C(35A)-C(36A) 1.377(6) N(50B)-C(51B) 1.079(6) C(38A)-P(7A)-Ru(1A) 121.65(13)
C(36A)-C(37A) 1.399(6) C(51B)-C(52B) 1.463(8) C(32A)-P(7A)-Ru(1A) 115.93(12)
C(38A)-C(39A) 1.365(6) P(10)-F(15) 1.565(4) C(6A)-P(7A)-Ru(1A) 110.49(12)
C(38A)-C(43A) 1.390(6) P(10)-F(16) 1.581(3) C(13A)-C(8A)-C(9A) 118.3(4)
C(39A)-C(40A) 1.389(6) P(10)-F(14) 1.582(3) C(13A)-C(8A)-P(3A) 123.8(3)
C(40A)-C(41A) 1.363(7) P(10)-F(11) 1.587(3) C(9A)-C(8A)-P(3A) 117.9(3)
C(41A)-C(42A) 1.364(8) P(10)-F(12) 1.588(4) C(10A)-C(9A)-C(8A) 120.2(5)
C(42A)-C(43A) 1.382(7) P(10)-F(13) 1.608(4) C(11A)-C(10A)-C(9A) 121.1(5)
N(44A)-C(45A) 1.121(6) P(20)-F(22) 1.551(5) C(12A)-C(11A)-C(10A) 119.0(5)
C(45A)-C(46A) 1.476(7) P(20)-F(26) 1.564(5) C(11A)-C(12A)-C(13A) 121.4(5)
N(47A)-C(48A) 1.134(5) P(20)-F(21) 1.575(4) C(8A)-C(13A)-C(12A) 119.9(5)
C(48A)-C(49A) 1.459(6) P(20)-F(24) 1.583(5) C(15A)-C(14A)-C(19A) 118.7(3)
N(50A)-C(51A) 1.129(5) P(20)-F(23) 1.588(5) C(15A)-C(14A)-P(3A) 120.9(3)
C(51A)-C(52A) 1.474(6) P(20)-F(25) 1.592(4) C(19A)-C(14A)-P(3A) 120.2(3)
Ru(1B)-N(50B) 2.101(4) P(20’)-F(26’) 1.558(11) C(14A)-C(15A)-C(16A) 119.9(4)
Ru(1B)-N(44B) 2.105(3) P(20’)-F(24’) 1.561(12) C(17A)-C(16A)-C(15A) 120.4(4)
Ru(1B)-N(47B) 2.106(3) P(20’)-F(22’) 1.567(11) C(18A)-C(17A)-C(16A) 120.0(4)
Ru(1B)-P(3B) 2.3149(11) P(20’)-F(21’) 1.578(12) C(17A)-C(18A)-C(19A) 119.9(4)
Ru(1B)-P(7B) 2.3182(11) P(20’)-F(23’) 1.578(12) C(18A)-C(19A)-C(14A) 121.0(4)
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Bond lengths (A˚) and angles (◦) for Complex 41 Continued
C(21A)-C(20A)-C(25A) 120.0 C(26B)-P(5B)-C(20B) 99.62(19) F(14)-P(10)-F(11) 88.00(19)
C(21A)-C(20A)-P(5A) 117.7(3) C(26B)-P(5B)-C(4B) 105.0(2) F(15)-P(10)-F(12) 93.9(2)
C(25A)-C(20A)-P(5A) 122.3(3) C(20B)-P(5B)-C(4B) 104.0(2) F(16)-P(10)-F(12) 88.5(2)
C(20A)-C(21A)-C(22A) 120.0 C(26B)-P(5B)-Ru(1B) 120.16(14) F(14)-P(10)-F(12) 176.6(2)
C(21A)-C(22A)-C(23A) 120.0 C(20B)-P(5B)-Ru(1B) 114.03(14) F(11)-P(10)-F(12) 92.3(2)
C(24A)-C(23A)-C(22A) 120.0 C(4B)-P(5B)-Ru(1B) 112.11(14) F(15)-P(10)-F(13) 179.1(2)
C(23A)-C(24A)-C(25A) 120.0 N(1B)-C(6B)-P(7B) 116.9(3) F(16)-P(10)-F(13) 90.3(2)
C(24A)-C(25A)-C(20A) 120.0 C(32B)-P(7B)-C(38B) 100.3(2) F(14)-P(10)-F(13) 89.8(2)
C(21C)-C(20C)-C(25C) 120.0 C(32B)-P(7B)-C(6B) 105.0(2) F(11)-P(10)-F(13) 89.5(2)
C(21C)-C(20C)-P(5A) 121.9(9) C(38B)-P(7B)-C(6B) 102.2(2) F(12)-P(10)-F(13) 86.9(2)
C(25C)-C(20C)-P(5A) 117.6(9) C(32B)-P(7B)-Ru(1B) 112.89(13) F(22)-P(20)-F(26) 91.1(4)
C(22C)-C(21C)-C(20C) 120.0 C(38B)-P(7B)-Ru(1B) 123.25(16) F(22)-P(20)-F(21) 89.7(3)
C(21C)-C(22C)-C(23C) 120.0 C(6B)-P(7B)-Ru(1B) 111.14(15) F(26)-P(20)-F(21) 179.1(4)
C(22C)-C(23C)-C(24C) 120.0 C(13B)-C(8B)-C(9B) 118.7(4) F(22)-P(20)-F(24) 178.8(4)
C(23C)-C(24C)-C(25C) 120.0 C(13B)-C(8B)-P(3B) 124.3(4) F(26)-P(20)-F(24) 90.1(4)
C(24C)-C(25C)-C(20C) 120.0 C(9B)-C(8B)-P(3B) 116.9(3) F(21)-P(20)-F(24) 89.0(3)
C(27A)-C(26A)-C(31A) 118.6(4) C(10B)-C(9B)-C(8B) 120.5(5) F(22)-P(20)-F(23) 90.6(3)
C(27A)-C(26A)-P(5A) 124.9(3) C(9B)-C(10B)-C(11B) 119.0(6) F(26)-P(20)-F(23) 89.2(3)
C(31A)-C(26A)-P(5A) 116.5(3) C(12B)-C(11B)-C(10B) 121.0(5) F(21)-P(20)-F(23) 91.2(3)
C(26A)-C(27A)-C(28A) 119.8(5) C(11B)-C(12B)-C(13B) 120.0(6) F(24)-P(20)-F(23) 89.6(3)
C(29A)-C(28A)-C(27A) 121.2(5) C(8B)-C(13B)-C(12B) 120.8(6) F(22)-P(20)-F(25) 91.4(3)
C(30A)-C(29A)-C(28A) 120.1(5) C(15B)-C(14B)-C(19B) 118.1(5) F(26)-P(20)-F(25) 91.2(3)
C(29A)-C(30A)-C(31A) 119.5(5) C(15B)-C(14B)-P(3B) 122.1(3) F(21)-P(20)-F(25) 88.4(3)
C(26A)-C(31A)-C(30A) 120.8(4) C(19B)-C(14B)-P(3B) 119.6(4) F(24)-P(20)-F(25) 88.4(3)
C(37A)-C(32A)-C(33A) 119.2(4) C(14B)-C(15B)-C(16B) 121.3(5) F(23)-P(20)-F(25) 178.0(4)
C(37A)-C(32A)-P(7A) 117.1(3) C(15B)-C(16B)-C(17B) 119.1(5) F(26’)-P(20’)-F(24’) 90.8(8)
C(33A)-C(32A)-P(7A) 123.7(3) C(18B)-C(17B)-C(16B) 120.6(5) F(26’)-P(20’)-F(22’) 89.8(8)
C(34A)-C(33A)-C(32A) 119.9(4) C(17B)-C(18B)-C(19B) 119.8(5) F(24’)-P(20’)-F(22’) 178.7(10)
C(35A)-C(34A)-C(33A) 120.5(4) C(18B)-C(19B)-C(14B) 121.0(5) F(26’)-P(20’)-F(21’) 175.5(10)
C(36A)-C(35A)-C(34A) 120.3(4) C(21B)-C(20B)-C(25B) 117.3(4) F(24’)-P(20’)-F(21’) 89.5(8)
C(35A)-C(36A)-C(37A) 119.3(4) C(21B)-C(20B)-P(5B) 121.4(3) F(22’)-P(20’)-F(21’) 90.0(8)
C(32A)-C(37A)-C(36A) 120.8(4) C(25B)-C(20B)-P(5B) 121.3(3) F(26’)-P(20’)-F(23’) 93.6(8)
C(39A)-C(38A)-C(43A) 117.8(4) C(20B)-C(21B)-C(22B) 121.7(5) F(24’)-P(20’)-F(23’) 89.6(7)
C(39A)-C(38A)-P(7A) 121.6(3) C(21B)-C(22B)-C(23B) 119.5(5) F(22’)-P(20’)-F(23’) 89.2(8)
C(43A)-C(38A)-P(7A) 120.6(3) C(24B)-C(23B)-C(22B) 119.2(5) F(21’)-P(20’)-F(23’) 90.9(8)
C(38A)-C(39A)-C(40A) 120.5(4) C(23B)-C(24B)-C(25B) 120.7(5) F(26’)-P(20’)-F(25’) 87.6(7)
C(41A)-C(40A)-C(39A) 121.0(5) C(24B)-C(25B)-C(20B) 121.5(5) F(24’)-P(20’)-F(25’) 90.5(8)
C(40A)-C(41A)-C(42A) 119.5(5) C(27B)-C(26B)-C(31B) 118.6(4) F(22’)-P(20’)-F(25’) 90.7(8)
C(41A)-C(42A)-C(43A) 119.6(5) C(27B)-C(26B)-P(5B) 122.1(3) F(21’)-P(20’)-F(25’) 87.9(7)
C(42A)-C(43A)-C(38A) 121.6(5) C(31B)-C(26B)-P(5B) 119.1(3) F(23’)-P(20’)-F(25’) 178.8(10)
C(45A)-N(44A)-Ru(1A) 178.2(4) C(26B)-C(27B)-C(28B) 120.4(4) F(33)-P(30)-F(34) 91.3(2)
N(44A)-C(45A)-C(46A) 178.7(6) C(29B)-C(28B)-C(27B) 121.0(4) F(33)-P(30)-F(32) 91.8(3)
C(48A)-N(47A)-Ru(1A) 178.4(4) C(28B)-C(29B)-C(30B) 119.5(4) F(34)-P(30)-F(32) 175.8(3)
N(47A)-C(48A)-C(49A) 177.4(5) C(29B)-C(30B)-C(31B) 119.8(4) F(33)-P(30)-F(36) 90.0(2)
C(51A)-N(50A)-Ru(1A) 174.8(4) C(30B)-C(31B)-C(26B) 120.6(4) F(34)-P(30)-F(36) 90.2(2)
N(50A)-C(51A)-C(52A) 176.8(6) C(33B)-C(32B)-C(37B) 118.1(4) F(32)-P(30)-F(36) 92.6(2)
N(50B)-Ru(1B)-N(44B) 84.18(13) C(33B)-C(32B)-P(7B) 122.0(4) F(33)-P(30)-F(31) 90.2(2)
N(50B)-Ru(1B)-N(47B) 84.02(13) C(37B)-C(32B)-P(7B) 119.8(3) F(34)-P(30)-F(31) 89.64(19)
N(44B)-Ru(1B)-N(47B) 83.25(12) C(34B)-C(33B)-C(32B) 121.0(5) F(32)-P(30)-F(31) 87.5(2)
N(50B)-Ru(1B)-P(3B) 100.16(10) C(35B)-C(34B)-C(33B) 120.4(5) F(36)-P(30)-F(31) 179.8(3)
N(44B)-Ru(1B)-P(3B) 171.71(9) C(34B)-C(35B)-C(36B) 119.6(5) F(33)-P(30)-F(35) 177.6(3)
N(47B)-Ru(1B)-P(3B) 90.14(9) C(35B)-C(36B)-C(37B) 120.9(5) F(34)-P(30)-F(35) 86.3(3)
N(50B)-Ru(1B)-P(7B) 171.31(10) C(36B)-C(37B)-C(32B) 119.9(5) F(32)-P(30)-F(35) 90.5(3)
N(44B)-Ru(1B)-P(7B) 88.35(9) C(39B)-C(38B)-C(43B) 118.7(5) F(36)-P(30)-F(35) 90.7(2)
N(47B)-Ru(1B)-P(7B) 99.53(10) C(39B)-C(38B)-P(7B) 122.7(4) F(31)-P(30)-F(35) 89.1(2)
P(3B)-Ru(1B)-P(7B) 87.81(4) C(43B)-C(38B)-P(7B) 118.5(4) F(41)-P(40)-F(42) 92.5(4)
N(50B)-Ru(1B)-P(5B) 86.96(10) C(38B)-C(39B)-C(40B) 119.7(5) F(41)-P(40)-F(45) 95.3(4)
N(44B)-Ru(1B)-P(5B) 98.21(9) C(41B)-C(40B)-C(39B) 120.3(6) F(42)-P(40)-F(45) 90.8(3)
N(47B)-Ru(1B)-P(5B) 170.68(10) C(42B)-C(41B)-C(40B) 120.5(5) F(41)-P(40)-F(46) 175.6(4)
P(3B)-Ru(1B)-P(5B) 89.12(4) C(41B)-C(42B)-C(43B) 119.7(6) F(42)-P(40)-F(46) 89.9(3)
P(7B)-Ru(1B)-P(5B) 89.73(4) C(42B)-C(43B)-C(38B) 121.1(6) F(45)-P(40)-F(46) 88.4(4)
C(6B)-N(1B)-C(4B) 115.7(4) C(45B)-N(44B)-Ru(1B) 173.6(3) F(41)-P(40)-F(44) 92.1(4)
C(6B)-N(1B)-C(2B) 115.3(4) N(44B)-C(45B)-C(46B) 177.7(5) F(42)-P(40)-F(44) 174.8(3)
C(4B)-N(1B)-C(2B) 116.0(4) C(48B)-N(47B)-Ru(1B) 173.8(4) F(45)-P(40)-F(44) 91.4(3)
N(1B)-C(2B)-P(3B) 116.9(3) N(47B)-C(48B)-C(49B) 176.0(5) F(46)-P(40)-F(44) 85.4(3)
C(14B)-P(3B)-C(8B) 98.5(2) C(51B)-N(50B)-Ru(1B) 172.8(4) F(41)-P(40)-F(43) 90.1(4)
C(14B)-P(3B)-C(2B) 103.2(2) N(50B)-C(51B)-C(52B) 178.3(7) F(42)-P(40)-F(43) 89.7(3)
C(8B)-P(3B)-C(2B) 106.1(2) F(15)-P(10)-F(16) 89.3(2) F(45)-P(40)-F(43) 174.6(4)
C(14B)-P(3B)-Ru(1B) 122.80(15) F(15)-P(10)-F(14) 89.5(2) F(46)-P(40)-F(43) 86.3(4)
C(8B)-P(3B)-Ru(1B) 112.91(14) F(16)-P(10)-F(14) 91.2(2) F(44)-P(40)-F(43) 87.7(3)
C(2B)-P(3B)-Ru(1B) 111.50(14) F(15)-P(10)-F(11) 90.9(2)
N(1B)-C(4B)-P(5B) 115.7(3) F(16)-P(10)-F(11) 179.2(2)
Appendix B
Supplementary Catalytic Data
Raw GC peak area data collected from each aliquot during catalytic reactions. These
values were corrected using KF values determined by calibration experiments with pure
substance mixtures, and were periodically re-calibrated to ensure correct conversions:
Entry Catalyst Additive Time(hrs)
Peak Area
γVL 1,4-PDO 2-MTHF Dodecane
1 — —
0 0.000 0.000 0.000 3314.887
2 0.000 0.000 0.000 3831.386
4 25.138 0.000 0.000 4160.723
6 33.480 0.000 0.000 4378.406
8 53.746 0.000 0.000 4344.612
10 79.888 0.000 0.000 4220.667
25 137.309 0.000 0.000 4580.976
2 [Ru(acac)3]/MeCP3
Ph —
0 0.000 0.000 0.000 7136.405
2 1954.120 1.386 0.000 6867.362
4 2770.699 58.342 0.000 6935.308
6 2828.064 298.057 0.000 6793.930
8 2303.515 684.152 0.000 6434.919
10 2014.392 1253.275 0.000 6503.880
25 348.593 3038.096 0.000 6701.145
3 [RuH2(CO)(MeCP3
Ph)] —
0 0.000 0.000 0.000 5422.791
2 2221.948 0.000 0.000 6884.492
4 3230.110 0.000 0.000 6144.652
6 2688.401 0.000 0.000 7053.721
8 2561.169 0.000 0.000 6569.443
10 3139.742 6.944 0.000 6464.290
25 2218.028 38.208 0.000 6139.966
4 [Ru(acac)3]/NP3
Ph —
0 0.000 0.000 0.000 6940.263
2 1642.293 0.000 14.953 7135.173
4 2512.465 0.000 21.741 7181.939
6 2820.665 0.000 25.072 7095.277
8 3188.873 0.000 26.667 6460.034
10 3903.840 32.360 39.235 6887.292
25 2323.282 1398.443 68.870 5754.508
5 [RuH2(CO)(NP3
Ph)] —
0 0.000 0.000 0.000 3884.805
2 1662.499 0.000 0.000 3826.825
4 1921.329 7.289 0.000 3599.458
6 2102.118 57.899 3.759 4406.711
8 2225.254 153.004 6.028 4198.383
10 2267.919 270.694 7.244 4373.437
25 1218.602 797.956 7.381 4019.172
6 [RuH2(PPh3)(NP3
Ph)] —
0 0.000 0.000 0.000 5505.590
2 1872.562 58.279 0.000 5994.558
4 2255.513 247.677 0.000 6682.891
6 1958.007 704.960 3.823 6681.652
8 1646.269 1129.644 5.405 6596.669
10 1079.651 1385.567 5.216 6659.834
25 356.827 2041.860 12.652 6371.072
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Entry Catalyst Additive Time(hrs)
Peak Area
γVL 1,4-PDO 2-MTHF Dodecane
7 [RuH2(PPh3)(NP3
Cyp)] —
0 0.000 0.000 0.000 4546.677
2 1163.302 0.000 9.837 4925.856
4 1834.232 0.000 15.616 5540.114
6 1632.634 5.022 15.629 4844.804
8 1874.402 34.421 18.008 5179.971
10 1656.058 50.861 16.854 4681.529
25 1241.718 28.613 12.546 5816.063
8 — NH4PF6
0 0.000 0.000 0.000 3908.743
2 0.000 0.000 0.000 4104.378
4 0.000 0.000 0.000 4004.159
6 0.000 0.000 0.000 4266.695
8 1.763 0.000 0.000 4357.725
10 3.224 0.000 0.000 4320.974
25 10.807 0.000 0.000 3900.337
9 [Ru(acac)3]/MeCP3
Ph NH4PF6
0 0.000 0.000 0.000 6535.568
2 1355.356 0.000 0.000 6459.809
4 2456.161 0.000 0.000 6695.691
6 2892.488 16.697 0.000 6770.359
8 2851.135 29.465 0.000 6585.263
10 2763.163 34.557 0.000 6410.196
25 2779.438 177.073 0.000 6748.774
10 [RuH2(CO)(MeCP3
Ph)] NH4PF6
0 0.000 0.000 0.000 5932.384
2 2222.404 0.000 0.000 6184.798
4 2346.024 0.000 0.000 6186.252
6 2459.065 0.000 0.000 5852.636
8 2499.724 7.333 0.000 5976.032
10 2544.603 15.031 6.914 5582.602
25 2075.709 57.622 0.000 5545.921
11 [Ru(acac)3]/NP3
Ph NH4PF6
0 0.000 0.000 0.000 6484.873
2 1453.660 0.000 20.345 6197.810
4 1889.758 69.964 34.479 6356.470
6 1899.067 168.481 47.387 6343.538
8 2017.991 316.861 61.504 6546.991
10 2162.071 453.015 76.778 6457.836
25 1615.096 726.362 124.205 6336.371
12 [RuH2(CO)(NP3
Ph)] NH4PF6
0 0.000 0.000 0.000 4443.131
2 1054.697 0.000 0.000 4188.414
4 1812.060 0.000 0.000 3987.495
6 2238.975 0.000 7.519 3775.118
8 2526.908 0.000 9.560 4444.352
10 2798.467 0.000 9.729 4092.600
25 2429.693 11.440 6.817 4550.760
13 [RuH2(CO)(NP3
Ph)] p-TsOH
0 0.000 0.000 0.000 4586.868
2 1538.947 0.000 0.000 4862.018
4 1763.471 0.000 0.000 4191.480
6 2300.203 0.000 0.000 4127.483
8 2294.842 0.000 0.000 4146.598
10 2706.919 0.000 5.270 4639.010
25 2070.803 0.000 10.531 4717.201
14 [RuH2(PPh3)(NP3
Ph)] NH4PF6
0 0.000 0.000 0.000 8481.790
2 3389.214 0.000 0.000 8924.574
4 3625.410 0.000 0.000 8759.711
6 4091.376 0.000 0.000 9319.745
8 4157.919 6.517 0.000 8931.561
10 4195.927 8.401 0.000 9308.291
25 3165.737 9.540 0.000 8182.437
15 [Ru(acac)3]/NP3
Ph HNTf2 25 1208.052 0.107 653.438 4644.606
16 [RuH2(PPh3)(NP3
Ph)] HNTf2 25 188.693 6.221 1261.542 4524.867
17 [Ru(acac)3]/NP3
Ph NH4PF6 25 1596.243 1.349 15.932 3874.483
18 [Ru(acac)3]/NP3
Ph NH4PF6 25 1652.818 156.196 16.700 5193.208
19 [RuH2(CO)(NP3
Ph)] NH4PF6
0 0.000 0.000 0.000 4658.373
2 2686.204 0.000 0.000 4748.277
4 2451.738 0.000 0.000 4423.869
6 2154.781 4.330 0.000 3998.196
8 2610.156 6.633 0.000 4574.032
10 2434.246 13.306 4.755 4284.258
25 1907.776 28.656 13.921 4003.558
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Entry Catalyst Additive Time(hrs)
Peak Area
γVL 1,4-PDO 2-MTHF Dodecane
20 [RuH2(CO)(NP3
Ph)] NH4PF6
0 0.000 0.000 0.000 8481.790
2 3389.214 0.000 0.000 8924.574
4 3625.410 0.000 0.000 8759.711
6 4091.376 0.000 0.000 9319.745
8 4157.919 6.517 0.000 8931.561
10 4195.927 8.401 0.000 9308.291
25 3165.737 9.540 0.000 8182.437
Below are selected GC chromatograms of the catalytic reaction mixtures after com-
pletion (i.e. 25 hours):
Figure B.1: Catalyst: [Ru(acac)3]/MeCP3
Ph
Figure B.2: Catalyst: [RuH2(CO)(κ
3-MeCP3
Ph)]
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Figure B.3: Catalyst: [Ru(acac)3]/NP3
Ph
Figure B.4: Catalyst: [RuH2(CO)(κ
3-NP3
Ph)]
Figure B.5: Catalyst: [RuH2(PPh3)(κ
3-NP3
Ph)]
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Figure B.6: Catalyst: [RuH2(PPh3)(κ
3-NP3
Cyp)]
Figure B.7: Catalyst: [Ru(acac)3]/MeCP3
Ph and NH4PF6
Figure B.8: Catalyst: [RuH2(CO)(κ
3-MeCP3
Ph)] and NH4PF6
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Figure B.9: Catalyst: [Ru(acac)3]/NCP3
Ph and NH4PF6
Figure B.10: Catalyst: [RuH2(CO)(κ
3-NP3
Ph)] and NH4PF6
Figure B.11: Catalyst: [RuH2(PPh3)(κ
3-NP3
Ph)] and NH4PF6
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Figure B.12: Catalyst: [Ru(acac)3]/NP3
Ph and HNTf2
Figure B.13: Catalyst: [RuH2(PPh3)(κ
3-NP3
Ph)] and HNTf2
Table B.1: Conversion of levulinic acid and yields of products after mercury poisoning of
catalytic system and control reaction without mercury poisoninga
Entry Catalyst Time (hrs) Conversion (%)
Yield (%)
γVL 1,4-PDO 2-MTHF
1b [Ru(acac)3]/NP3
Ph 2 42 41 0 0
2b [Ru(acac)3]/NP3
Ph 8 77 76 0 0
3 [Ru(acac)3]/NP3
Ph 2 42 41 0 0
4 [Ru(acac)3]/NP3
Ph 8 73 70 0 0
aConditions: 10 mmol LA, 20 mL THF, 0.5 mol % [Ru(acac)3], 1.0 mol % NP3Ph, 150 ◦C, reaction time 8 hours.
bDepressurised and elemental mercury added to reaction solution after two hours and stirred at room temperature
for two hours before separation and re-subjecting to catalytic conditions (see Experimental for complete details).
Appendix C
Supplementary DFT Data
C.1 Theoretical Calculations
Computational Methodologies
Computation methods have emerged as a vital tool for the application of quantum me-
chanics to chemical problems. In particular, density functional theory (DFT), which
describes the electronic states of atoms, molecules and materials in terms of the three-
dimensional electronic density of the system has been widely applied across many aspects
of chemistry, physics and materials science.309 For the study of transition metal complexes
and their reactivity, DFT offers advantages over other more computational intensive meth-
ods such as wave function theory (WFT). This lies in the ability of DFT to accurately
accommodate many-electron systems containing many nearly degenerate (n + 1)s and nd
subshells through static electron correlations.310 Practically, this is because the physics
and chemistry of molecules are mainly governed by valence electrons, and so core elec-
trons can be approximated using Effective Core Potentials (ECPs). This acts to simplify
the wavefunctions of core electrons with an effective potential or pseudo-potential, so
that the Schro¨dinger equation contains a modified effective potential term instead of the
Coulombic potential term, normally found for core electrons.
The Schro¨dinger Equation
In order to access the properties of a system composed of particles, the wavefunction of
that system of particles must first be solved. This is achieved by solving the Schro¨dinger
equation (Equation C.1), which defines the wavefunction of a particle.
{ −h2
8pi2m
52 +V
}
Ψ(q, t) =
ih
2pi
∂Ψ(q, t)
∂t
(C.1)
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where Ψ is the wavefunction, m is the mass of the particle, h is Planck’s constant and V
is the potential field in which the particle is moving.∗ The wavefunction depends on the
spatial and spin orbital contributions represented by q and time, t. If V is not a function
of time, the q and t variables can be separated:
Ψ(q, t) = ψ(q)τ(t) (C.2)
and substitution of these new functions into Equation C.1, two equations are obtained, one
of which depends only the position of the particle and independent of time, the so-called
time independent form of the Schro¨dinger equation:
Hˆψ(q) = Eψ(q) (C.3)
where Hˆ is the Hamiltonian operator, and describes all the internal interactions occurring
within the system being described i.e. both kinetic and potential energy of the electrons
and nuclei, in the absence of any magnetic or electrical fields. The Born-Oppenheimer
approximation can be used to separate nuclear and electron motions. This approximation
is reasonable since the mass of a typical nucleus is thousands of times greater than that of
an electron. The nuclei move very slowly with respect to the electrons, and the electrons
react essentially instantaneously to changes in nuclear position. Thus, the electron distri-
bution within a molecular system depends on the positions of the nuclei, and not on their
velocities. Such systems can be envisaged as electrons moving in a field of fixed nuclei,
termed the clamped-nuclei approximation, and combination of this approximation with
Equation C.3 allows for the Hamiltonian operator to be approximated to the electronic
Hamiltonian (Hˆ elec) only, hence:
311
Hˆelec = Tˆe + Vˆne + Vˆee (C.4)
where Tˆe is the kinetic energy of the electrons, Vˆne is the potential energy of the electron-
nuclei interactions (often referred to as the external potential in density functional theory)
and Vˆee is the electron-electron interaction:
Tˆe =
Ne∑
i=1
−~2
2me
52i (C.5)
∗52 = ∂2∂x2 + ∂
2
∂y2 +
∂2
∂x2
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Vˆne =
Nn,Ne∑
α=1,i=1
1
4pi0
Zαe
rαi
(C.6)
Vˆee =
Ne∑
i=1,j>i
1
4pi0
e2
rij
(C.7)
where the charge on nucleus α is Z α and the charge and mass of electron i are e and me;
r is the distance between the particles and 0 is the vacuum permittivity constant.
The approximation of the Hamilton operator in turn simplifies Equation C.3 to:
HˆelecΨelec(q˜) = EelecΨelec(q˜) (C.8)
The product of Ψ with its complex conjugate (Ψ*Ψ, often written as |Ψ|2) is inter-
preted as the probability of the electrons being found within a volume ∂x 1,∂x 2....∂xN .
As electrons are fermions (spin = 1/2), there is a physical requirement for the wavefunc-
tion to be antisymmetric with respect to exchange of any spatial or spin coordinates of
any indistinguishable electrons. This is the antisymmetry principle (i.e. generalisation of
Pauli’s exclusion principle):
Ψ(~q1, ~q2 . . . ~qN) = −Ψ(~q1, ~q2 . . . ~qN) (C.9)
Integrating the square of the wavefunction, with respect to all the variables equals
one, i.e. the probability of finding the electrons in space is unity, and if the wavefunction
satisfies this requirement it is said to be normalised.
∫
. . .
∫
| Ψ(~q1, ~q2 . . . ~qN) |2 d~q1d~q2 . . . d~qN = 1 (C.10)
Variation Principle
The expectation value of a particular observable represented by the appropriate operator
Oˆ, using any wave function, Ψtrial, that is normalised similarly to Equation C.10 is given
by:
〈Oˆ〉 =
∫
. . .
∫
Ψ∗trialOˆΨtrialdq˜ ≡ 〈Ψtrial | Oˆ | Ψtrial〉 (C.11)
The variational principle states the calculated energy value from Equation C.11 will
be the upper boundry to the true energy of the ground state, E 0:
〈Ψtrial | Hˆ | Ψtrial〉 = Etrial ≥ E0 = 〈Ψ0 | Hˆ | Ψ0〉 (C.12)
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It should be noted that 〈Oˆ〉 in Equation C.11 is a functional since the value of 〈Oˆ〉
depends upon the applied function, in this case Ψtrial. Functionals differ from functions,
the latter of which is the mapping of one number onto another number, while the former
is a function whose argument is itself a function, in other words a function of a function.
These are expressed mathematically by f(x) being a function of the variable x, while F[f ]
is a functional of function f .
In order to minimise the functional E[Ψ] and find the true ground state E0, every
“acceptable” N-electron wavefunction needs to be searched through. “Acceptable” in this
sense necessitates that the trial functions fulfil certain requirements to ensure they make
physical sense. This searching process can be expressed as
E0 = min
Ψ→N
E[Ψ] = min
Ψ→N
〈Ψ | Tˆe + Vˆne + Vˆee | Ψ〉 (C.13)
Density Functional Theory
There are many computational methods that can be used to solve Equation C.13, e.g.
Hartree-Fock, but DFT is most popular for compounds involving transition metals. The
DFT approach is based upon a strategy of modelling electron correlation via general
functionals of the electron density. Such methods are derived from the Hohenberg-Kohn
theorem, which demonstrated the existence of a unique functional that determines the
ground state energy and density exactly. The theorem does not provide the form of this
functional, however the approximate functionals partition the electronic energy, Eelectronic,
into several terms:312
Eelectronic = Ekinetic + Epotential + Ecoulomb + EXC (C.14)
where Ekinetic is the kinetic term arising from the motion of the electrons, Epotential in-
cludes terms describing the potential energy of the nuclear-electron attraction and nuclear-
nuclear repulsion, Ecoulomb is the electron-electron repulsion, and EXC is the exchange-
correlation term that includes the remaining part of the electron-electron interactions.
Importantly, all terms, except the nuclear-nuclear repulsion, are functions of the electron
density, ρ.
Kohn-Sham (KS) theory is an extension to the original work done by Hohenberg and
Kohn, which introduced the concept of a non-interacting reference system (basis set) using
orbitals such that as much of the exact kinetic energy of the system is computed. In KS
theory, the functional is separated into the following terms:
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F [ρ] = Ts[ρ] + J [ρ] + EXC[ρ] (C.15)
where Ts[ρ] represents the exact kinetic energy of the system (with non-interacting elec-
trons) of electron density ρ, J [ρ] represents the classical coulomb repulsion and EXC[ρ]
represents the exchange-correlation energy. This final term describes all the remaining
kinetic energy not accounted for from Ts[ρ], and is in principle an exact solution within
the limitations of the basis set. Unfortunately however, the exact values for EXC are
rarely known, and consequently the DFT approach involves approximations to determine
this value.
Hybrid Functionals
Hybrid functionals allow the mixing of various methods (usually the mixture of Hartree-
Fock and DFT exchange correlation potentials) to give optimal results in describing the
functional. One of the most popular hybrid functionals used in DFT computational
modelling is Becke’s three-parameter functional , B3LYP (Equation C.16).
EB3LYPXC [ρα, ρβ] = (1− a) · ESX[ρα, ρβ] + a · EHFX + b · 4EB88X [ρα, ρβ]
+(1− c) · EVWNC [ρα, ρβ] + c · ELYPC [ρα, ρβ]
a = 0.20
b = 0.72
c = 0.81
(C.16)
which takes into account the local Slater exchange ESX, the exact Hartree-Fock exchange
EHFX , the Beck88 general gradient approximation (GGA) correction (to the Hartree-Fock)
4EB88X , the Vosko, Wilks and Nusair (VWN) local correlation functional EVWNC , and the
Lee-Yang-Parr (LYP) GGA correlation functional ELYPC .
311,312 The constants a, b and
c were determined by Becke from a linear least-squares fit of a number of atomisation
energies, ionisation potentials, proton affinities and total atomic energies.
This is the hybrid functional used within this thesis. The methodology involves per-
forming optimisation calculations on a complex, followed by frequency analysis to ensure
a true energy minimised structure was been obtained from the absence of imaginary fre-
quencies. Finally, a calculation of the desired property of the molecule was undertaken,
routinely including bonding analysis. With this functional a Stuttgart/Dresden ECP
was used (MWBx) for the metal centre and a 6-31G* basis set was used for all other
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atoms. In the MWBx basis set, M denotes that a neutral atom is used to generate the
pseudo-potential, WB (Wood-Boring) specifies the theoretical level of the reference data
as quasi-relativistic and x denotes the number of core electrons that are being replaced
by the pseudo-potential. When calculations were performed on tungsten complexes, x =
60 (MWB60) and for ruthenium complexes x = 28 (MWB28). The 6-31G* basis set de-
scribes the core atomic orbital basis functions as six primitive Gaussians (6-31G*), while
the valence orbitals are composed of two basis functions, the first composed of three prim-
itives (6-31G*), and the second of one primitive (6-31G*). Additionally, the * signifies
an extra six d -type Cartesian-Gaussian polarisation functions are added on each of the
atoms Li through Ca.
Bonding Analysis
Modelling transition metal complexes computationally using DFT allows its bonding to
be assessed to different degrees of accuracy, as required by specific experiments. The cal-
culation of natural bond orbitals (NBO) is one such method by which the bonding can be
described. NBO analysis involves the partitioning of the electron density into atomic-like
orbitals with maximum electron densities, before they are combined to form classic Lewis
2-electron–2-centre bonds. In this sense, the NBOs resemble Lewis structures with hybrid
bonding orbitals and lone-pairs. The NBOs are one of a sequence of natural localised or-
bital sets that include “natural atomic orbitals” (NAO), “natural hybrid orbitals” (NHO)
and “natural (semi-)localised molecular orbitals” (NLMO). These natural localised sets
are intermediate between base atomic orbitals (AO) and molecular orbitals (MO):
AO → NAO → NHO → NBO → NLMO → MO
The chemical and physical properties, as well as reactivity of transition metal com-
plexes can also be assessed computationally by DFT, allowing for example, analysis of
spin state and magnetic properties,310 electronic and vibrational spectroscopy,313 cat-
alytic pathways250 and enantioselectivities to be determined.314 Comparatively recently,
there have been two thematic issues of Chem. Rev. devoted to computational/quantum
chemistry. The older but perhaps more pertinent to this work, specifically deals with
computational transition metal chemistry, including industrial and biochemical applica-
tions315, while the second focuses on the current state of quantum chemistry in general,
including future challenges for DFT.316
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C.2 Selected Data from Calculation Log Files
Included below are optimisation convergence data for each structure that was evaluated
computationally via DFT calculations, as well as other pertinent data involved in the
bonding analysis:
Table C.1: Optimisation convergence data for complex 17
Item Value Threshold Converged?
Maximum Force 0.000011 0.000450 YES
RMS Force 0.000002 0.000300 YES
Maximum Displacement 0.000979 0.001800 YES
RMS Displacement 0.000200 0.001200 YES
Table C.2: Optimisation convergence data for complex 22
Item Value Threshold Converged?
Maximum Force 0.000010 0.000450 YES
RMS Force 0.000002 0.000300 YES
Maximum Displacement 0.001735 0.001800 YES
RMS Displacement 0.000208 0.001200 YES
Table C.3: Optimisation convergence data for complex 28
Item Value Threshold Converged?
Maximum Force 0.000007 0.000450 YES
RMS Force 0.000001 0.000300 YES
Maximum Displacement 0.000966 0.001800 YES
RMS Displacement 0.000162 0.001200 YES
Table C.4: Optimisation convergence data for complex 16
Item Value Threshold Converged?
Maximum Force 0.000462 0.000450 NO
RMS Force 0.000072 0.000300 YES
Maximum Displacement 0.000251 0.001800 YES
RMS Displacement 0.000038 0.001200 YES
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Table C.5: Optimisation convergence data for complex 26
Item Value Threshold Converged?
Maximum Force 0.000007 0.000450 YES
RMS Force 0.000003 0.000300 YES
Maximum Displacement 0.001774 0.001800 YES
RMS Displacement 0.000238 0.001200 YES
Table C.6: Optimisation convergence data for complex A
Item Value Threshold Converged?
Maximum Force 0.000724 0.000450 NO
RMS Force 0.000096 0.000300 YES
Maximum Displacement 0.000289 0.001800 YES
RMS Displacement 0.000051 0.001200 YES
Table C.7: Optimisation convergence data for complex 29
Item Value Threshold Converged?
Maximum Force 0.000224 0.000450 YES
RMS Force 0.000034 0.000300 YES
Maximum Displacement 0.001479 0.001800 YES
RMS Displacement 0.000291 0.001200 YES
Table C.8: Optimisation convergence data for complex 18
Item Value Threshold Converged?
Maximum Force 0.000425 0.000450 YES
RMS Force 0.000089 0.000300 YES
Maximum Displacement 0.001725 0.001800 YES
RMS Displacement 0.000353 0.001200 YES
Table C.9: Optimisation convergence data for complex 27
Item Value Threshold Converged?
Maximum Force 0.000014 0.000450 YES
RMS Force 0.000001 0.000300 YES
Maximum Displacement 0.000912 0.001800 YES
RMS Displacement 0.000164 0.001200 YES
Table C.10: Optimisation convergence data for complex 40
Item Value Threshold Converged?
Maximum Force 0.000014 0.000450 YES
RMS Force 0.000002 0.000300 YES
Maximum Displacement 0.001655 0.001800 YES
RMS Displacement 0.000325 0.001200 YES
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Table C.11: Optimisation convergence data for complex 42
Item Value Threshold Converged?
Maximum Force 0.000024 0.000450 YES
RMS Force 0.000005 0.000300 YES
Maximum Displacement 0.001730 0.001800 YES
RMS Displacement 0.000313 0.001200 YES
(Occupancy) Bond orbital/ Coefficients/ Hybrids for Complex 16
1. (1.89137) BD ( 1) W 1 - P 6
( 27.98%) 0.5290* W 1 s( 14.75%)p 3.56( 52.49%)d 2.22( 32.76%)
-0.0019 0.3819 -0.0385 -0.0080 0.0062
-0.0010 0.0005 0.4458 -0.0100 -0.0009
-0.0007 0.0008 0.3976 -0.0109 -0.0022
0.0000 -0.0003 -0.4096 0.0058 -0.0104
0.0011 0.1976 -0.0077 -0.0199 -0.3951
0.0166 0.0328 -0.3311 0.0130 0.0297
0.0416 -0.0028 0.0006 0.1336 -0.0170
-0.0064
( 72.02%) 0.8486* P 6 s( 38.79%)p 1.58( 61.18%)d 0.00( 0.03%)
0.0000 0.0004 0.6223 -0.0256 -0.0002
-0.4104 0.0244 -0.0002 -0.4061 0.0311
0.0002 0.5253 -0.0317 0.0098 -0.0082
-0.0106 -0.0006 0.0047
2. (1.89141) BD ( 1) W 1 - P 10
( 27.97%) 0.5289* W 1 s( 14.78%)p 3.55( 52.54%)d 2.21( 32.68%)
-0.0019 0.3824 -0.0385 -0.0080 0.0061
-0.0010 -0.0009 -0.5676 0.0144 0.0023
0.0003 0.0001 0.1865 -0.0032 0.0003
-0.0006 -0.0003 -0.4099 0.0058 -0.0104
0.0011 -0.1335 0.0062 0.0093 0.4840
-0.0197 -0.0422 -0.1753 0.0076 0.0134
0.1520 -0.0052 -0.0176 0.1330 -0.0171
-0.0066
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(Occupancy) Bond orbital/ Coefficients/ Hybrids for Complex 16
( 72.03%) 0.8487* P 10 s( 38.78%)p 1.58( 61.19%)d 0.00( 0.03%)
0.0000 0.0004 0.6222 -0.0256 0.0003
0.5569 -0.0391 -0.0001 -0.1517 0.0055
0.0002 0.5255 -0.0318 -0.0044 0.0132
-0.0018 0.0088 0.0047
3. (1.89137) BD ( 1) W 1 - P 14
( 27.99%) 0.5290* W 1 s( 14.77%)p 3.55( 52.50%)d 2.22( 32.73%)
-0.0019 0.3823 -0.0384 -0.0080 0.0061
-0.0010 0.0004 0.1222 -0.0045 -0.0014
0.0003 -0.0008 -0.5856 0.0140 0.0019
0.0006 -0.0003 -0.4085 0.0058 -0.0104
0.0011 -0.0665 0.0014 0.0105 -0.0910
0.0031 0.0092 0.5072 -0.0210 -0.0433
-0.1913 0.0081 0.0169 0.1321 -0.0170
-0.0064
( 72.01%) 0.8486* P 14 s( 38.78%)p 1.58( 61.19%)d 0.00( 0.03%)
0.0000 0.0004 0.6222 -0.0256 -0.0001
-0.1475 0.0149 0.0003 0.5589 -0.0366
0.0002 0.5246 -0.0317 -0.0054 -0.0051
0.0123 -0.0082 0.0047
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis
Donor NBO (i) Acceptor NBO (j)
E(2) E(j)-E(i) F(i,j)
kcal/mol a.u. a.u.
186. LP ( 1) N 2 /700. BD*( 1) C 3 - H 5 3.52 0.69 0.046
186. LP ( 1) N 2 /701. BD*( 1) C 3 - P 6 11.04 0.42 0.062
186. LP ( 1) N 2 /705. BD*( 1) C 7 - H 9 3.51 0.69 0.046
186. LP ( 1) N 2 /706. BD*( 1) C 7 - P 10 11.06 0.42 0.062
186. LP ( 1) N 2 /710. BD*( 1) C 11 - H 13 3.51 0.69 0.046
186. LP ( 1) N 2 /711. BD*( 1) C 11 - P 14 11.06 0.42 0.062
